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This thesis reports on the synthesis and characterization of reactive 3d metal complexes with 
N-heterocyclic carbene (NHC) and α-diimine ligands. Chapter 1 reviews the chemistry of 
mononuclear phosphane and NHC nickel(I) complexes. Besides the synthesis and structural 
motifs of the nickel(I) radicals, this chapter also deals with the reactivity of these species. In 
chapter 2-5 the synthesis, characterization, and reactivity studies of monomeric NHC nickel(I) 
complexes is discussed. Chapter 6 covers the synthesis and structural characterization of iron(II), 
cobalt(II), and nickel(II) complexes with a cyclic (alkyl)(amino)carbene ligand. Investigations 
concerning the synthesis and characterization of NHC manganese(II) complexes is reported in 
chapter 7. In chapter 8 the synthesis, characterization, and first reactivity studies of a highly 
reduced cobalt complex with an α-diimine ligand is discussed. The final chapter 9 summarizes 
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1 The Chemistry of Mononuclear Phosphane and N-Heterocyclic 




Although the importance of nickel(I) species in catalytic cycles has been recognized early,1 much 
of the literature pays particular attention to the chemistry of nickel(0) compounds.2 By contrast, 
nickel(I) chemistry has remained less developed. Monovalent nickel species play a key role in 
many enzymatic processes.3 For example, methyl-coenzyme M reductase (MCR) contains the 
coenzyme F430 with a nickel(I) center as part of its active site, which catalyzes the conversion of 
methyl-coenzyme M and coenzyme B into methane and the heterodisulfide of coenzyme M (HS-
CoM) and coenzyme B (HS-CoB) (Chart 1, left).4 Isotopic exchange experiments and ESR studies 
indicate the formation of a σ-alkane-nickel complex as intermediate in this process.5 Moreover, 
the active site of CO dehydrogenase/acetyl-coenzyme A synthase, the so-called A-cluster, 
possesses a three-coordinate nickel(I) ion, which reversible coordinates carbon monoxide before 
its methylation to yield the acetyl group (Chart 1, right).6  
 
Chart 1. Cofactor F430 (left) and A-cluster of acetyl-coenzyme A synthase (right). 
 
In recent years, the chemistry of nickel(I) has undergone a significant upsurge, taking it from a 
proposed oxidation state of importance1,7 to one that has been thoroughly investigated in relation 
to both stoichiometric and catalytic transformations.8 Moreover, nickel(I) compounds such as the 
first structurally characterized nickel(I) monomer I supported by a macrocyclic nitrogen donor 
ligand (Scheme 1, left) are of much current interest as enzyme model complexes (vide supra).9,10 
Another important class of compounds are nickel(I) β-diketiminato (or “nacnac”) complexes,11 
which can exhibit high reactivity toward element−element (element = O, S, Se, Te, P) bonds, such 
as the dimeric β-diketiminato nickel(I) complex II (Scheme 1, right). Remarkably, the reaction 
of II with white phosphorus (P4) yields the dinuclear complex III, in which the P4 ligand shows 
a rare η3-coordination to each nickel center and the metal ions remain monovalent.12 



































Scheme 1. Example for a mononuclear nickel(I) macrocycle (I, left) and reactivity of the dimeric β-diketiminato 
complex II toward white phosphorus (right); o-Tol = ortho-tolyl, Dipp = 2,6-diisopropylphenyl.9,12 
 
A vast number of oligonuclear complexes with Ni(I)−Ni(I) bonds or interactions have been 
stabilized by various ligands, e.g. guanidinato, α-diimines, pincer ligands, and thioethers. Such 
oligonuclear, nickel-nickel-bonded complexes are beyond the scope of this review, however.13  
In the past, the chemistry of 4d and 5d metal NHC and phosphane complexes has been extensively 
investigated.14,15 Because of their intrinsically poor availability, the concomitant economic costs, 
and the high toxicity of the heavy metals, it is of high importance to develop new procedures 
using 3d metal complexes. As one of the earth-abundant metals, nickel is a promising candidate 
in this regard.  
Due to our primary interest in NHC nickel(I) monomers, it is the aim of the introductory chapter 
of this thesis to give an overview of the dynamically emerging field of mononuclear NHC 
nickel(I) complexes. The chemistry of these compounds has evolved from that of the related 
nickel(I) phosphane compounds, and therefore, is closely intertwined. This review will try to 
highlight the analogies and differences between and within these two classes. In this paper, we 
will categorize the known monomeric phosphane and NHC nickel(I) complexes. After a brief 
introduction about synthetic access strategies, this work will discuss phosphane nickel(I) halides 
and related cationic nickel(I) complexes with weakly coordinating counteranions, followed by 
phosphane complexes with ancillary N-donors, pincer complexes, phosphane complexes with 
additional S-donors, and a brief section on piano-stool hydrocarbyl complexes. Finally the 
chemistry of NHC nickel(I) complexes will be described.  
 
1.2 General Synthetic Access  
Various methods have been described for the preparation of nickel(I) compounds, which 
generally can be subdivided in four different synthetic access routes (Scheme 2). The first 
mononuclear nickel(I) complexes were described in 1964 by Heimbach.16 Remarkably, he 
reported three different preparation methods for the compounds of type [NiX(PPh3)3] (1a, X = Cl, 
Br, I, Chart 2) in his publication, each of which still is applied these days. For example, the 
oxidation (A) of the nickel(0) complex [Ni(PPh3)4] with elemental halides (Cl2, Br2, I2) afforded 
compounds of type 1. Nickel(I) complexes 1 are also formed in the comproportionation (B) of the 
nickel(II) salts [NiX2(PPh3)2] (X = Cl, Br, I) with [Ni(PPh3)4]. This represents one of the most 
used methods nowadays due to the good access to suitable nickel(II) and nickel(0) precursors, 
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many of which are commercially available. The third route reported by Heimbach (C) is the 
reduction of the nickel(II) compound [(η3-allyl)NiBr]2 by PPh3, affording [NiBr(PPh3)3], although 
the mechanism is rather unclear. More commonly applied reducing agents for the synthesis of 
nickel(I) compounds from nickel(II) halides are hydrides, e.g. NaBH4, and electropositive metals 

















Scheme 2. Common synthetic routes toward mononuclear phosphane and NHC nickel(I) compounds. 
 
Another method (D) was discovered by the group of Hoberg and coworkers in 1985. Cleavage of 
the dimer [Ni(1,5-cod)I]2 (1,5-cod = 1,5-cyclooctadiene) is observed when sterically demanding 
phosphanes are introduced, forming complexes [NiI(PCy3)2] (2c) and [Ni(1,5-cod)I(PPh3)] (3, 
Chart 2).17 Sterically demanding ligands prevent metal-metal bond formation. Although its 
molecular structure was not determined at the time, complex 3 was characterized by elemental 
analysis, infrared spectroscopy, and its magnetic moment, which gives credence to the presence 
of a mononuclear structure. 
 
1.3 Nickel(I) Phosphane Complexes 
1.3.1 Mononuclear Phosphane Nickel(I) Halides and Related Cationic Nickel(I) 
Complexes with Weakly Coordinating Counteranions 
The early coordination chemistry of nickel(I) was dominated by phosphane-stabilized halide 
compounds such as the type 1 complexes first synthesized by Heimbach (Chart 1). Related 
compounds have been prepared by many other groups after Heimbach’s discovery.18,19 The 
general structure motif of complexes 1 was first revealed in 1974 by the single crystal X-ray 
structure of [NiI(triphos)] (1c), Chart 2, triphos = 1,1,1-tris(diphenylphosphinomethyl)ethane) 
reported by Sacconi and coworkers.20  
Furthermore, cryoscopic weight determinations by Heimbach indicated the dissociation of one 
phosphane ligand in complexes 1a, yielding structures of type [NiX(PPh3)2] (2a) in solution.16 He 
also obtained complexes of type 2a by comproportionation of [NiX2(PPh3)2] and [(η2-
C2H4)Ni(PPh3)2]. Besides 2a−2c21 bearing monodentate phosphanes, related complexes are also 
known with bidentate ligands (2d−2h, Chart 2).22 
Very recently, Fink, Eichhöfer et al. investigated complexes 1a (X = Cl), 2a, and 21 (Chart 4) by 
experimental (X-ray diffraction and magnetic measurements) and theoretical methods (DFT).23 
Their structural analysis revealed Y-distorted structures for the trigonal planar complexes 2a and 
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21, which is not only caused by Jahn-Teller-distortion but also by π-π interactions of the phenyl 
groups bound to the phosphane ligand. In addition, their DFT calculations and magnetic 
measurements showed a small magnetic anisotropy for compounds 2a and 21. Moreover, slow 
magnetic relaxation at low temperatures indicated single-molecule magnet behavior. 
 
Chart 2. Monomeric phosphane nickel(I) complexes.18−27 
 
One of the first reactivity studies was done by the group of Royo, who reacted complexes 1a (X 
= Cl, Br, I) with carbon monoxide and obtained compounds with the composition 
[NiX(CO)2(PPh3)2] (4). These complexes were characterized by elemental analysis, infrared 
spectroscopy, and the determination of their magnetic moments in solution (2.0 − 2.3 µB).24  
In the 1980s, the attention focused increasingly on mechanistic aspects in the context of nickel 
catalyzed coupling reactions, in particular the oxidative addition of alkyl and aryl halides to the 
metal center. These investigations showed that a radical mechanism involving nickel(I) 
intermediates might play a key role in nickel(0) and nickel(II)-based conversions.1,25 
Complexes 1a and 2a were found to act as precatalyst in cis-isomerization reactions, such as the 
conversion of 1-butene to cis-2-butene. The active catalyst was presumed to be a nickel(II) 
hydride species as a result of a hydrogen abstraction from the olefin by the nickel(I) complex.21a,26 
More recent work by Lu and coworkers showed that the three-coordinate complex 2d readily 
reacts with vinyl halides, forming a nickel(II) dihalide and the corresponding vinyl nickel(II) 
complex in a 1:1 ratio through the homolytic cleavage of the carbon halide bond.22c Complex 2d 
proved to be catalytically active in Kumada cross coupling reactions of vinyl chloride and phenyl 
Grignard reagents. Very recently, Hazari et al. showed that the related complex 2g is an active 
catalyst in Suzuki-Miyaura couplings.27 
Although the molecular structure of complex 2f (n = 2) has been unambiguously determined to 
be dimeric in the solid-state, mass spectrometric data showed molecular ion peaks of monomeric 
complexes for the related compounds 2e (n = 2, 3) (Chart 2), which indicates the presence of 
easily cleaved dimers.21b,28 In any case, complex 2f (n = 2) has proven to act as an extraordinarily 
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versatile starting material for the preparation of all different types of monomeric nickel(I) 
compounds (Scheme 3). Complex 2f is readily accessible by reducing the respective nickel(II) 
dichloride with potassium graphite. 
 
Scheme 3. Synthesis of nickel(I) monomers through salt metathesis reactions with the nickel(I) dimer 2f (Ar = Dipp, 
dmp 2,6-bis(2,4,6-trimethylphenyl)phenyl); Mes = 2,4,6-trimethylphenyl; R = R’ = tert-butyl; R = H, R’ = dmp; Mes* 
= 2,4,6-tris(tert-butyl)phenyloxyl.28−33 
 
Starting in 2001, Hillhouse et al. demonstrated that route D (Scheme 2) offers a versatile and 
powerful method for the synthesis of nickel(I) monomers by introducing sterically demanding 
ligands by salt metathesis of the dimeric nickel(I) halide 2f with s-block metal amides, 
phosphides, and alkyls, potassium dimesitylsilanide, and thallium triflate (Scheme 3). Amide and 
related phosphide complexes 5-E are formed in the reaction of the appropriate lithium 
amide/phosphide and 2f. Interestingly, H-atom abstraction from 5-E resulted in the formation of 
rare imide and phosphinidene complexes (6-E).29 A similar reactivity was also observed with 
LiPtBu2, which gave access to complex 7 (Scheme 3). Subsequent oxidation with either 
ferrocenium or tropylium hexafluorophosphate formed the nickel(II) phosphinidene 8. Another 
example is the synthesis of the T-shaped complexes 9 by reacting 2f with lithium alkyls (Scheme 
3).30 The one-electron oxidation of complexes 9 gave the cations 10a−c featuring intramolecular 
Ni-C−H bond interactions. While the cationic amido and phosphido complexes 5-E undergo α-
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deprotonation to afford imido and phosphinidene derivatives, the addition of a Brønsted base to 
10a−c resulted in γ-deprotonation of a methyl group, affording nickelacyclobutanes. 
Hillhouse et al. isolated the Y-shaped nickel(I) monomer 11 by reaction of 2f with KSiHMes2 
(Scheme 3). One-electron oxidation of 11 gave complex 12 with an unusual 3-center-2-electron 
bond between Ni, Si, and the bridging H bonding as an outcome of the partial 1,2-H migration 
from silicon to nickel.31  
According to Scheme 3, nickel(I) triflate 13 can be accessed by reacting 2f with TlOTf.32 Complex 
13 readily reacts with carbon disulfide yielding the unprecedented trinuclear complex 14, where 
two nickel(II) centers and one nickel(0) center are present.33  
Another access to nickel(I) alkyl complexes was found very recently by the Hillhouse group in 
the conversion of the nickel(0) carbene complex 15 with [Cp2Fe]BArF4, leading to the cation 16 
as a result of an unusual intramolecular rearrangement (Scheme 4).34 Initiated by the oxidation, 
the carbene atom is probably attacked by one of the phosphorus atoms of the bidentate ligand, 
forming 16. The metal center in 16 displays an additional η2-interaction with the mesityl 
substituent. 
 
Scheme 4. Synthesis of the nickel(I) cation 15.34 
 
The first cationic nickel(I) monomer 17a was synthesized by Klein, Dartiguenave, and coworkers 
(Chart 3).35 Initially, Klein et al. attempted to synthesize complexes of type [NiX(CH3)(PMe3)4] 
starting from the nickel(II) (pseudo)halides [NiX(CH3)(PMe3)2] (X = Cl, Br, I, NCS) and two 
equivalents of PMe3, followed by salt elimination with NaBPh4. Interestingly, cation 17a was 
obtained as a result of methyl radical elimination. Analogous complexes with bidentate ligands 
have also been prepared by the reducing nickel(II) precursors of type [Ni(L)2]2+,36 or the 
comproportionation of nickel(II) compounds of type [Ni(L)2]2+ and nickel(0) compounds 
(Ni(L)2).37  
                Chapter 1. The Chemistry of Mononuclear Phosphane and NHC Ni(I) Complexes 
                  
7 
 
Chart 3. Cationic nickel(I) monomers with weakly coordinating anions.35−41 
 
The unique tris(phosphane) complex 18 was isolated by reacting [Ni(PPh3)4] with BF3·OEt2 and 
extensively investigated by EPR spectroscopy.38 Complex 18 was found to be the active species 
in the styrene oligomerization catalyst system [Ni(PPh3)4]/BF3·OEt2.39 The related trigonal 
pyramidal complex 19 was obtained by oxidation of [Ni(η2-C2H4)(PPh3)2] with [C3Ph3]ClO4 in 
the presence of the tetradentate ligand P(CH2CH2PPh2)3.40  
Recently, the group of Agapie prepared cation 20-BF4 by reacting 2h with NaBF4. Interestingly, 
the BF4− ion in complex 20-BF4 strongly interacts with the nickel(I) ion.41 
 
1.3.2 Mononuclear Nickel(I) Phosphane Complexes with Ancillary N-Donors  
Nickel(I) phosphane complexes with additional N-donor ligands are the structurally most 
versatile subclass of nickel(I) monomers. A variety of complexes are known (Chart 4) which 
comprise oligodentate P,N ligands or a phosphane and a separate N-donor ligand, e.g. an amide 
ligand. The nickel atoms assumes coordination numbers ranging from two to five in these 
complexes. 
The first example of this subclass, three-coordinate complex 21, was synthesized by Bradley, 
Hursthouse and co-workers upon converting [NiCl2(PPh3)3] with two equivalents LiN(SiMe3)2 in 
1972.42 Although the authors did not comment on the reaction mechanism, they demonstrated the 
generality by using a range of different phosphanes. A few years later, Sacconi and coworkers 
synthesized complexes of type 22 by reacting divalent nickel(II) halides and NaBH4 with the 






















X = Cl, Br, I, CN, NCS
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E = P, As
 
 
Chart 4. Nickel(I) monomers with ancillary N-donors.42−46 
 
Related complexes 23 are accessible in a similar manner using CO instead of NaBH4. Complexes 
24-E, bearing an additional PPh3 ligand, were synthesized in an analogous procedure as for 19 
(Chart 3) by reacting [Ni(η2-C2H4)(PPh3)2] with [C3Ph3]ClO4 in the presence of N(CH2CH2EPh2)3 
(E = P, As).40 The metal atom in cation 25 adopts a distorted tetrahedral environment with a 
quinoline derivative as donor-ligand. Complex 25 was recently synthesized by the group of 
Takagi upon reduction of the corresponding, dicationic nickel(II) complex with zinc powder.44  
In the context of the extensive investigations of low-valent β-diketiminato nickel(I) complexes,11 
phosphane-supported nickel(I) monomers were isolated. For example, complexes 26a and 27, 
possessing a T-shaped structure, are formed from [NiCl(Ph)(PPh3)2] and the lithium β-
diketiminate salt.45 Stephan et al. synthesized the related complexes 26b and 26c by adding 
phosphanes to the dimeric precursor [HC{C(Me)NDipp}2Ni]2(toluene).46 Compounds 26a and 27 
catalyze norbornene polymerization to afford addition-type polynorbornene after being activated 
with methylaluminoxane.45 
Salt metathesis of 20-Cl, bearing the meta-terphenyl diphosphine m-P2, with NaN3, LiNHPh and 
LiNHDipp afforded 20-X (Chart 4).41 Attempts to abstract a hydrogen atom from the amido 
complexes 20-NHPh and 20-NHDipp (in a similar fashion as in the work of Hillhouse with 
compounds 5-E, Scheme 3) resulted in the formation of mixtures of the mono- and bis-Staudinger 
oxidation products of the free ligand m-P2 (phosphoranimine) and the nickel(0) complex [(m-
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P2)Ni]. The formation of the latter complex indicates the presence of the desired imido nickel(II) 
complex as intermediate species. 
The electronically unsaturated nickel(I) monomer 29 was synthesized by Hor et al. upon reacting 
the nickel(II) precursor 28 with MeLi (Scheme 5).47 Complex 29 features a hemilabile imino 
moiety, which slips to an η2-coordination by treatment with AlMe3 or MAO 
(methylaluminoxane). Moreover, compounds 29 and 30 catalyze ethylene oligomerization using 
MAO (Al/Ni ratio of 1000) as cocatalyst with turnover numbers of 21000 (29) and 14666 (30). 
 
 
Scheme 5. Synthesis of the imino complex 29 and 30; MAO = methylaluminoxane.47 
 
The first structurally characterized σ-alkyl nickel(I) complex 31 was isolated by Eaborn, Smith et 
al. in 2000 by reacting [NiCl2(PPh3)2] with Li{C(SiMe3)2(SiMe2C5H4N)} (Chart 5).48 Compound 
31 displays a T-shaped structure, where nickel is also coordinated by a pyridine moiety and 
triphenylphosphane. The mechanism of the formation of 31 could not be fully elucidated, but it 
is likely that the reaction involves an intermediate alkyl nickel(II) chloride, which is reduced by 





Chart 5. Nickel(I) monomers with ancillary N-donors.48,49 
 
Five-coordinate complexes 32 were obtained from the reaction of [Ni(STPP)] (STPP = 
tetraphenyl-21-thiaporphyrin) with PMePh2, PEtPh2, and P(OEt)3.49 The molecular structure of 
32 was not determined, but EPR measurements indicated a five-coordinate nickel(I) macrocycle 
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with relatively large 31P superhyperfine coupling constants of AP = 0.0124 to 0.0133 cm−1. 
According to the EPR data, spin density is present on the metal and the ligand.  
The group of Kraikivskii reported a coordination induced homolytic Ni−C bond cleavage of the 
imine-amide complex 34 (Scheme 6). Reaction of the nickel(II) allyl compound 33 with PMe3 
affords the five-coordinate nickel(II) species 34, which spontaneously gives nickel(I) complex 35 
and cyclohexene as the cyclodimerization product of two allyl radicals.50 Unfortunately, the 
isolated nickel complexes are X-ray amorphous, but they were studied by EPR and 2D NMR 
techniques. 
 
Scheme 6. Nickel(I) monomer formation through coordination induced Ni−C bond cleavage.50 
 
Very recently, the group of Tilley presented the synthesis of unique two-coordinate phosphane 
nickel(I) complexes [(L)Ni(N(Dipp)(SiMe3))] (86, tBu3P, iPr3P, Ph2P(CH2)2PPh2) and compared 
their reactivity toward the phenol derivative 2,6-tBu2-4-Me-C6H2OH with their NHC analogue 
(Scheme 20, chapter 1.3).51  
 
1.3.3 Pincer Complexes 
Pincer complexes with P- and N-donor functions are an important subclass of nickel(I) 
compounds, which were only recently discovered. In 2008, the groups of Mindiola prepared the 
dinuclear nickel(I) complex 37 by reduction of 36-Cl with potassium graphite (Scheme 7).52 
Single-crystal X-ray diffraction revealed that the Ni-atoms are bridged by the N-atom of the 
pincer ligands. In addition, solid-state magnetization and solid-state EPR spectroscopic data are 
consistent with an equilibrium between a monomer and a dimer in solution. An S = 0 ground state 
with a low-lying S = 1 excited state was determined for the dimer. The radical nature of complex 
37 was further proven by reactions with H−X (X = H, OH, OMe, PHPh, and B(catechol)) and 
X−X bonds (X = B(catechol), SPh, and SePh), which yielded homolytic bond cleavage products 
(36-X/36-H). The three-coordinate complex 38 was obtained through insertion of the terminal 
nitrogen of diphenyl diazomethane into a P−Ni bond of 37. It was presumed that the insertion 
more likely occurs from the monomeric species. 
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Scheme 7. Synthesis of the nickel(I) pincer complexes 37 and 38.52 
 
In the same year, Caulton et al. reported the synthesis of compound 40 by converting the nickel(II) 
halide 39 with an excess of elemental magnesium (Scheme 8).53 Complex 40 reacts rapidly with 
CO2 at low temperatures and in a very selective fashion to yield complex 41, in which the oxygen 




Scheme 8. Synthesis and reactivity of 40 toward CO2 and postulated intermediates with their relative, DFT-calculated 
electronic energies (kcal/mol) compared to free 40 and CO2 in parenthesis.53 
 
 
Reaction of 40 with CO2 affords the cyanate complex 41. Interestingly, the oxidation state of the 
nickel(I) center did not change. Similar to 40, 41 has a T-shaped structure. An electron transfer 
from nickel to the substrate occurs at some point in the reaction, which leads to an increased 
nucleophilic character of oxygen in CO2. DFT calculations indicate that the reaction is 
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presumably initiated by the insertion of one C=O double bond of CO2 into the Ni−N bond to 
produce 40A (Scheme 8). Subsequently, the intermediate 40B with a cyanate group bound at Si 
is formed under C−O and N−Si bond cleavage as well as Si−O bond formation. The cyanate 
moiety is subsequently transferred to the nickel center, yielding 41. Another possible pathway, 
though energetically less favored according to the DFT calculations, involves the intermediate 
40B', formed through insertion of the C=O double bond of 40A into one Si−N bond, which 
subsequently gives 41. 
Pincer complexes are of significant interest as model complexes for the three-coordinate nickel(I) 
ion in the A-cluster of CO dehydrogenase/acetyl-coenzyme A synthase (vide supra). For example, 
the group of Lee explored the reactivity of pincer complex 42-CO toward alkyl iodides and 
observed the first methylation of a nickel(I) compound giving a nickel acetyl complex (Scheme 
9).54 In the 1:1 reaction of 42-CO with methyl iodine the formation of 50% of complex 42-I 
(relative to 42-CO) and a mixture of compounds 43 and 44 (R = Me, 37%:13%) was observed. 
Complexes of type 43 (R = iPr, tBu) are predominantly formed with sterically more demanding 
alkyls such as iso-propyl or tert-butyl groups, while 44 was not detected with these residues. DFT 
calculations indicate that the mechanism involves an initial alkyl radical abstraction with 
concomitant iodine radical generation. In addition, these calculations suggests that the direct C−C 
coupling is mainly responsible for the formation of main product 43; its formation through 
migratory insertion of a CO ligand from the five-coordinate intermediate 42-COR appears 
energetically less favored. Coupling of the alkyl radical with the nickel(I) center (Ni−C coupling) 
to form 42-COR with subsequent loss of CO seems to be the main access route for compound 44. 
 
Scheme 9. Reactivity of 42-CO toward alkyl radicals.54 
 
1.3.4 Mononuclear Nickel(I) Complexes with Additional S-Donor Ligands 
Alkyl radical formation is also important in the context of the enzyme methyl-coenzyme M 
reductase (vide supra), in which a nickel-promoted C−S bond cleavage of the substrate takes 
place.4,55 Interestingly, the S-ligated nickel complex 45 produces methyl radicals upon irradiation 
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with visible light for 30 minutes, which recombine to ethane. The intermediate nickel(I) species 
46 was detected by EPR spectroscopy (Scheme 10).56 When solutions of 45 were irradiated for 
prolonged times, the formation of nickel(II) compound 47 was observed. Complex 46 
decomposes at room temperature, and therefore, could not be fully characterized. 
 
Scheme 10. Methyl radical formation of the nickel(0) complexes 45 and 48.56,57 
 
A similar reactivity was observed when the nickel(0) complex 48 was irradiated with UV light 
for eight hours to form 49.57 In contrast to the formation of 46, complex 49 can be isolated and 
was described as thermally stable up to 42 °C. The formation of 49 from 48 formally proceeds 
via elimination of methyl radicals. Although ethane was not detected in this case, it is likely one 
of the products of this elimination reaction. 
The group of Riordan obtained the nickel(I) complex 51 in the reaction of 50 with MeLi by 
trapping an in situ formed nickel species with PMe3 (Scheme 11). Methyl radical formation was 
not proven in this case.58 
 
Scheme 11. Synthesis of complex 51.58 
 
The five-coordinate monovalent nickel species 53 synthesized by Holm et al. has been applied in 
the evolution of dihydrogen from protons (Scheme 12).59 Complex 53 features a distorted trigonal 
bipyramidal structure and can be prepared by electrochemical or chemical reduction of the 
respective dication 52. Interestingly, 53 was found to produce dihydrogen in almost quantitative 
amounts upon treatment with one equivalent of a Brønsted acid such as HCl in diethyl ether/DMF. 





Scheme 12. Five-coordinate nickel(I) complex 53.59 
 
Phosphane-stabilized nickel(I) monomers with monodentate thiolate ligands are rather scarce. 
Tatsumi and coworkers showed that even very small changes at the ligand can have a huge 
influence on the reactivity.60 Conversion of the monovalent nickel amide 21 with an m-
terphenylthiol afforded the dinuclear complex 54 under elimination of the free amine (Scheme 
13). By use of a slightly sterically more encumbering thiol carrying mesityl instead of xylyl 
groups, they isolated the nickel(I) monomer 55. Its radical nature was shown by trapping 55 with 
the presistent radical TEMPO, yielding the square planar nickel(II) complex 56. 
 
Scheme 13. Preparation of the dinuclear complex 54 and the monomer 55, and its reactivity toward TEMPO.60 
 
1.3.5 Piano Stool Complexes with Cyclobutadiene and Cyclopentadienyl Ligands 
The chemistry of half-sandwich nickel(I) monomers is less-well developed in comparison with 
the substance classes mentioned before, probably due to the extraordinarily labile nature of half-
sandwich nickel(I) compounds and their tendency to aggregate via Ni-Ni bond formation.61 The 
first half-sandwich nickel(I) complex 57c was isolated as early as 1974 by Uhlig and Walther 
from the reaction of nickelocene (Cp2Ni) and PPhnBu2 (Chart 6).62 Complex 57c was also 
synthesized by converting Cp2Ni with [Ni(PPhnBu2)4] via comproportionation. 
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Chart 6. Half-sandwich nickel(I) complexes.62−67 
 
Various other preparation methods for complexes of type 57 have been reported subsequently. 
These include the reaction of NaCp with 1a, [(η5-Cp)Ni(PR3)2]PF6, and NiX2(PR3)2 (X = Cl, Br; 
probably under elimination of a Cp radical), ligand substitution of NO and CO, respectively, by 
an excess of phosphanes in the complexes [(η5-Cp)Ni(NO)] and [(η5-Cp)Ni(CO)]2,63 and the 
(electro-)chemical reduction of cationic complexes of type [(η5-Cp)Ni(PR3)2]+.64 Compounds of 
type 57 are highly sensitive toward oxygen, thermally unstable, and they easily decompose to 
Cp2Ni and [Ni(PR3)4]. A possible reason for this facile decomposition is the fact that complexes 
57 easily lose one phosphane ligand in solution, forming unstable 17e− radicals of type 
[CpNi(PR3)].64b Although the structures 57a-k were not confirmed by single-crystal X-ray 
diffraction, their molecular structures probably exhibit a two-legged piano stool geometry with 
an η5-coordinated Cp-ring similar to the related complex CpNi(bpy) (bpy = 2,2-bypiridine).63 In 
this context, EPR investigations indicate the presence of nonequivalent 31P nuclei of the 
phosphane ligands in 57i due a slight deviation from the expected C2V symmetry (Jahn-Teller 
distortion).65 The sole reactivity study on a complex of type 57 was carried out by the group of 
Saraev.66 They observed the substitution of the phosphane ligands in the reaction of 57a with 
(di)phenylacetylene, yielding complexes [CpNi(η2-C2PhR)2] (R = H, Ph). Saraev and coworkers 
also showed that oligomerization of the substrate occurs when an excess of the acetylene was 
used. The outcome was found to be highly dependent on the applied temperature: 1,2,4-
triphenylbenzene was the main product at 20 °C, the main products are linear oligomers with an 
average molecular weight of 1050 g·mol−1 at 40 °C. 
Related tetraphenylcyclobutadiene (Cb*) complexes of type 58 (Chart 5) were prepared by 
reacting [Cb*NiBr2] with sodium in the presence of PPh3 (58-Br) or [Cb*Ni(1,5-cod)] with 0.5 
equivalents of iodine in presence of PPh3 (58-I).67 In marked contrast to the cyclopentadienyl 
complexes of type 57, the cyclobutadiene complexes 58 are thermally stable up to 192 °C (58-
Br) and 212 °C (58-I), respectively. Similar to 57, compounds 58 are extremely air-sensitive. 
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1.4 Mononuclear N-Heterocyclic Carbene Nickel(I) Complexes 
The chemistry of monomeric NHC nickel(I) complexes started to develop in 2008.68 Only a few 
publications exist to date. An important starting material for the synthesis of mononuclear 
nickel(I) complexes is Sigman’s dimer 59, which is accessible according to Scheme 14 by the 
comproportionation of Ni(1,5-cod)2 and NiCl2(dme) in presence of free carbene (IDipp = 1,3-
bis(2,6-diisopropylphenyl)imidazolin-2-ylidene, SIDipp = 1,3-bis(2,6-diisopropylphenyl)imid-
azolidine-2-ylidene).69 Hillhouse and coworkers demonstrated that the reaction of 59 with 
sterically encumbered s-block amides and organyls results in the formation of unprecedented two-
coordinate nickel(I) compounds 60−63 (Scheme 14). The salt metathesis procedure is similar to 
that described for compound 2f (n = 2) (Scheme 3, vide supra).68,70,71 
 
 
Scheme 14. Synthesis of NHC nickel(I) complexes using Sigman’s dimer (59) (1,5-cod = 1,5-cyclooctadiene, dme = 
1,2-dimethoxyethane, Ar = Dipp, dmp (2,6-bis(2,4,6-trimethylphenyl)phenyl)), dppp (2,6-bis(2,6-
diisopropylphenyl)phenyl)); R = CH2Ph, tBu; Ind = Indenyl; NHC = IDipp, SIDipp.68−71 
 
Furthermore, the three-coordinate complexes 6472 and 6571 were prepared by addition of 
isonitriles to 59 and 62, respectively. In the reaction of 62 with primary and secondary alkyl 
halides, Hillhouse et al. found evidence for a radical mechanism for the oxidative addition of the 
substrate. 
Reactivity studies with complexes 60 and 61-Ar further revealed the propensity for single-
electron transfer (SET), which gave unique nickel(II) complexes. For example, the oxidation of 
60 with one equivalent of [Cp2Fe]BArF4 in diethyl ether resulted in the formation of iminosilane 
68 with a 14e− nicke(II) center as an outcome of a β-methyl elimination from the cationic 
intermediate [(IDipp)Ni(N(SiMe3)2)]+ (Scheme 15).68 
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Scheme 15. Reactivity of the nickel(I) amides 60 and 61-Ar.68,70 
 
By contrast, a different reactivity was observed upon oxidation of arylamide nickel(I) complexes 
61-Dipp, 61-dppp, and 61-dmp (Scheme 15). One-electron oxidation of 61-Dipp yields cation 
69, in which the nickel(II) ion is coordinated by the amide ligand in an allyl-like fashion and a 
THF molecule. Compound 69 reversibly rearranges to dimeric 70 when dissolved in 
dichloromethane. By use of a sterically encumbering m-terphenyl substituent, cation 71 was 
isolated by oxidation with [Cp2Fe]BArF4. The structure of 71 features an intramolecular Ni-ipso-
carbon-interaction between nickel and one of the flanking aryl moieties. Complex 71 can be 
reduced with KC8 to form 61-dppp back.70 Interestingly, the similarly sterically demanding 
complex 61-dmp gave the low-coordinate cation 72 upon one-electron oxidation. A C−H bond 
activation on one ortho-methyl group occurred in this case to form a seven-membered 
nickelacycle. Complex 72 reversibly coordinates a THF molecule in a similar manner as 70, 
forming square-planar 73 when dissolved in THF. These examples impressively demonstrate the 
ability of NHC ligands to stabilize unusual coordination modes in a very flexible way. 
The group of Hazari applied Sigman’s dimer 59 for the synthesis of nickel(I) monomers. 
Complexes of type 67 were formed by reacting 59 with one equivalent of NaCp or LiInd, 
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respectively (Scheme 16).73 Interestingly, nickel(I) dimers 66 were isolated from the 1:1 reaction 
of 59 with NaCp and LiInd. Conversion with a second equivalent of NaCp or LiInd gave the 
monomeric compounds of type 67, which represent the first examples of 17e− nickel(I) species 
bearing cyclopentadienyl or indenyl ligands. In marked contrast to phosphane complexes 57 
(Chart 5), which undergo facile dissociation of one phosphane ligand and concomitant 

























































Scheme 16. Synthesis of dimers 66 and monomers 67; NHC = IDipp, SIDipp; dvse = dimethyl silyl ether.73 
 
Representatively, the stoichiometric reactivity of 67a toward mild oxidizing and reducing agents 
was tested. Complex 67a homolytically cleaves the C−I bond of MeI to afford the nickel(II) 
complexes 74 and 75, while the reaction with CO affords the nickel(0) complex 66 together with 
dicyclopentadienyl (C10H10). Upon conversion with dvse (dimethyl silyl ether) and allylether, 
nickel(0) bisalkene complexes 77 and 78 were fomed. Furthermore, complexes 63 are precatalysts 
for the Suzuki-Miyaura coupling of phenylboronic acid and p-chlorotoluene.  
Homolytic cleavage of carbon halide bonds by low-valent nickel compounds was used to 
synthesize T-Shaped nickel(I) complexes. As shown in Scheme 17, monomer 80 was prepared by 
reacting the two-coordinate zerovalent nickel complexes of type 79,74 bearing sterically 
demanding NHC ligands, with aryl halides.75 Three-coordinate complexes 80 are active catalysts 
for Kumada and Suzuki cross-couplings as well as Buchwald-Hartwig aminations. 
Scheme 17. Synthesis of catalytically active NHC nickel(I) compounds 80; Ar = Dipp, Mes, X = Cl, Br, I.74,75 
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Another example for a coordinatively unsaturated nickel(I) NHC species was reported by the 
group of Tatsumi and coworkers.60 Reaction of the phosphane precursor 55 with the free carbene 
IMes (1,3-bis(2,4,6-trimethylphenyl)imidazolin-2-ylidene) gave the thiolate 81. The 
triphenylphosphane ligand in 55 was thus replaced by IMes, demonstrating a stronger metal-
ligand bond for the NHC than for the phosphane (Scheme 18).  
 
Scheme 18. Synthesis of NHC complex 81 by phosphane exchange.60 
 
A very convenient preparation method for a series of three-coordinate nickel(I) compounds was 
developed by the group of Whittlesey. Comproportionation of [Ni(1,5-cod)2] and [NiX2(PPh3)2] 
(X = Cl, Br), followed by the addition of an in situ generated ring-expanded carbene, yielded 
complexes of type 73 (Scheme 19).76  
 
Scheme 19. Synthesis of the three- and two-coordinate nickel(I) complexes 82 and 84, as well as the reactivity of 82 
toward O2. Anis = para-methoxyphenyl; o-Tol = ortho-tolyl.76−78 
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DFT and EPR studies on these compounds revealed a mixed composition of the SOMO with main 
contributions from the 3dz2 and 3dx2−y2.77 Complexes 82 proved active for the Kumada cross-
coupling of aryl chlorides and fluorides as well as for hydrodefluorination reactions. In addition, 
Whittlesey et al. investigated the reactivity of complexes 82 toward O2 and observed a 
stereoelectronic dependency by use of different carbenes.78 Dinuclear 83 was formed in the 
reaction of 82a with O2 at −80 °C through C−H bond activation of one ortho-methyl group of the 
carbene’s Mes substituent. Using 82d and 82f, containing less bulky ligands, resulted in simple 
nickel(II) bromides [(NHC)NiBr2(PPh3)] and other not identifiable products. 
The two-coordinate cation 84 was isolated by ligand substitution of PPh3 with 6-Mes (Scheme 
19).79 Remarkably, complex 84 represents the first mononuclear nickel complex exhibiting 
magnetic anisotropy due to an unquenched orbital angular momentum. This behavior is indicative 
for a single-molecule magnet and a result of the partially-filled and near-degenerate dxz and dyz 
orbitals in the linear complex. 
Very recently, the Tilley and co-workers presented a new versatile approach for the synthesis of 
nickel(I) carbene and phosphane species.51 Complexes of type 86 were formed by protonation of 
the anionic complex 85 with a mild Brønsted base in the presence of an NHC or phosphane 
(Scheme 20). The reaction with sterically encumbering 2,6-bis(tert-butyl)-4-methylphenol gave 
aryl oxides 87 and 88. While the aryloxide ligand coordinates via oxygen in the IDipp complex 
87, the molecular structure of the tri-tert-butylphosphane complex 88 features a dearomatized, 
η5-coordinated aryloxide ligand. 
 
 
Scheme 20. Synthesis of low-coordinate nickel(I) complexes (L = IDipp, tBu3P, iPr3P, Ph2P(CH2)2PPh2).51 
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1.5 Conclusion 
Following Heimbach’s pioneering work, the chemistry of phosphane- and NHC-stabilized 
nickel(I) monomers has developed into a thriving research over the last decades. Progress in this 
field was inhibited for a long time, because these nickel(I) radicals are often difficult to isolate as 
a result of their high air-sensivity and the tendency to disproportionate and aggregate. 
Furthermore, the characterization can be complicated due to the paramagnetic nature of nickel(I) 
monomers. With their d9 configuration and one unpaired electron in their valence shell, 
monovalent nickel(I) species have a propensity to react with organic and inorganic substrates via 
single electron transfer (SET). They often give meaningful EPR spectra due to their substantial 
metalloradical nature,80 Due to these characteristic features, mononuclear nickel(I) compounds 
attract interest far beyond organometallic chemistry.  
Monomeric nickel(I) compounds display a substantial range of different coordination modes. 
Four-coordinate complexes are most common with tetrahedral compounds being more frequently 
observed than trigonal pyramidal ones. In addition, three-coordinate complexes with distorted Y-
shaped motifs have been observed more frequently compared to T-shaped environments, which 
came up more recently. Five-coordinate trigonal bipyramidal structures and linear two-coordinate 
complexes are less common. The former coordination mode was exclusively observed with 
phosphane ligands and latter predominantly for complexes with bulky NHCs. Furthermore, there 
are only three different types of complexes known featuring cyclopentadienyl and cyclobutadiene 
ligands (“Two-legged piano-stool” motif). 
It is noteworthy that low-coordinate motifs occur more frequently with carbene ligands, due to 
the ability of bulky NHCs to kinetically stabilize low-coordinate metal centers more efficiently 
than the usually sterically less protective phosphane ligands. In accord with Pauling’s 
electroneutrality principle81 another reason is the ability of NHCs to form stronger σ-bonds with 
transition metals due to the more directional nature of the sp2-type lone pair of the carbene in 
contrast to the non-directional s-type lone pair in phosphanes, which results in a higher electron 
density localized on the metal center.82 
Chelating phosphanes are commonly applied in nickel(I) chemistry, while analogous NHC 
complexes are unprecedented. A more frequent use of less conventional carbenes (e.g. ring-
expanded carbenes or diamidocarbenes) would be desirable in order to assess the electronic and 
steric influence of the NHC ligand on the reactivity and structural properties of monovalent nickel 
complexes. The phosphane ligand exchange in monovalent nickel species offers a route to the 
corresponding NHC complexes, representing a link between both compound classes. 
In summary, NHC nickel(I) compounds are far less explored as compared to phosphane nickel(I) 
complexes. Although different preparative methods for nickel(I) NHC compounds have been 
developed in the recent years, only a few publications deal with their reactivity. Nonetheless, the 
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introduction of NHC ligands in nickel(I) chemistry certainly gave new impetus to the field, 
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2 Selective P4 Activation by an Organometallic Nickel(I) Radical: 
 Formation of a Dinuclear Nickel(II) Tetraphosphide and Related 
Di- and Trichalcogenides[a,b,c] 
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2.1 Introduction 
The P4 molecule is the most reactive allotrope of phosphorus; its activation and 
transformation by transition metal compounds has attracted substantial interest over the 
years.1 While many low-valent metal complexes, e.g. transition metal carbonyls or anionic 
metalates, react with P4, it is still challenging to design highly selective transformations.2,3 
White phosphorus is able to efficiently trap organic and main group element radicals.4 
Therefore, one potential solution to the selectivity issue is to use a radical pathway in 
transition metal-mediated P4 transformations. While 2nd and 3rd row metalloradicals are 
well-established,5 nickel(I) radicals have attracted significant attention recently.6,7 
Importantly, Drieß et al. have shown that reactions of β-diketiminato nickel(I) complexes 
with P4 yield dinuclear complexes [(LRNi)2(µ-η3:η3-P4)] (LR = HC[CMeN(2,6-R2C6H3)]2 
with R = Et, iPr).8 The P−P bond activation in the doubly η3-coordinated ligand is 
reversible and occurs without the reduction of P4 to formally P42−. 
We have been interested in designing new reactive nickel(I) radicals (see chapter 1 for an 
overview over mononuclear nickel(I) phosphane and N-heterocyclic carbene complexes), 
which may be utilized for element-element bond activations. We now report the synthesis 
of complexes 1−3, featuring an NHC and a cyclopentadienyl ligand, and an initial 
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2.2. Results and Discussion 
Complexes 1−3 are accessible according to Scheme 1 by the reduction of the appropriate 
nickel(II) halides with KC8 in THF.¶ 1H NMR monitoring shows that 1−3 are formed very 
selectively; they can be isolated as yellow crystalline solids in modest to high yields.  
 
Scheme 1. Synthesis of nickel(I) complexes 1−3. 
 
Single X-ray structure analyses revealed that the nickel centre is surrounded by the carbene 
carbon and one η5-coordinated Cp or Cp* moiety (Figure 1). No further significant 
interactions between nickel and the diisopropylphenyl groups are apparent. Nonetheless, 
the cyclopentadienyl ligand is tilted with respect to the nickel carbene bond with an angle 
Ccarbene−Ni−(C5R5)centroid of 154.3(1)° for 1, 151.9(1)° for 2 and 164.6(1)° for 3.§ 
 
Figure 1. Solid-state molecular structure of 1 (left top), 2 (right top) and 3 (bottom). The hydrogen atoms are omitted 
for clarity. Thermal ellipsoids are drawn at 40% level. Selected bond lengths [Å] and angles [°]: Ni1-C1 1.877(1), 
(C5H5)centroid-Ni1 1.79(1), C1-Ni1-(C5H5)centroid 154.3(1); 2: Ni1-C1 1.876(2), (C5H5)centroid-Ni1 1.80(1), C1-
Ni1-(C5H5)centroid 152.0(1); 3: Ni1-C1 1.880(1), (C5Me5)centroid-Ni1 1.79(1), C1-Ni1-(C5H5)centroid 164.8(1). 
 
Cyclic voltammograms show one electrochemically quasi-reversible wave at E1/2 = −1.02 
and −1.06 V vs. Fc/Fc+ for Cp-substituted 1 and 2, respectively, and a reversible wave at 
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−1.18 V vs. Fc/Fc+ for the Cp* complex 3 (Supporting Information, SI). UV/vis-
spectroelectrochemistry (see Figure 2 for 1) confirms that these processes correspond to 
chemically reversible oxidations of neutral 1−3 to stable cationic nickel(II) complexes, 
which probably bind THF in the case of 1 and 2. Indeed, the preparative oxidation of 1 
with [Cp2Fe]PF6 affords the THF adduct [(C5H5)Ni(IDipp)(THF)]PF6 (1-THF) (Figure 3, 
left). 
 
Figure 2. a) UV/Vis monitoring of the oxidation of 1 performed at −0.83 V vs. Fc/Fc+ within an OTTLE cell equipped 
with a Pt minigrid working electrode, THF/TBAH under Ar, 293 K; Experimental and simulated X-band EPR 
spectrum of 1 (b), 2 (c) and 3 (d) in frozen THF. Freq. 9.3646 GHz, 0.063 mW, 20 K, mod. 4 Gauss; g-tensor 
parameters obtained from simulations and DFT calculations (b3-lyp, def2-TZVP) for 1: g11 = 2.377 (2.220), g22 
= 2.306 (2.187), g33 = 2.050 (2.078); 2: g11 = 2.420 (2.225), g22 = 2.289 (2.210), g33 = 2.039 (2.076); 3: g11 = 
2.315 (2.228), g22 = 2.305 (2.179), g33 = 2.064 (2.087) (DFT-calculated values in parentheses). 
 
Complexes 1−3 feature identical magnetic moments of 2.3(1), 2.3(1) and 2.2(1) µB in 
[D8]THF (Evans method), which indicate the presence of one unpaired electron per 
molecule. The EPR spectrum of 1, 2 and 3 are characteristic for an S = ½ system and reveal 
a rhombic g-tensor with significant deviations from ge in case of 1 and 2 pointing to 
metalloradical character. In contrast, complex 2 shows an axial g-tensor, again with a 
substantial deviations from ge. The DFT calculated g11 and g22 values are somewhat smaller 
than the experimental ones, but are generally in good agreement with the ones obtained 
from the simulations (Figure 2). Furthermore, the g11-g22-separation seem to correlate with 
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the degree of distortion in the structure, in particular with the Ccarbene−Ni−(C5R5)centroid angle, 
while the difference between g22 and g33 remains nearly the same for all compounds. The highest 
g11-g22-separation (∆g11/22 = 131) shows complex 2 having the smallest Ccarbene−Ni−(C5R5)centroid 
angle. While complex 1 still features a difference of ∆g11/22 = 71, complex 3 possesses an axial 
spectrum (∆g11/22 = 10) with an only slightly tilted structure. 
Initial reactivity studies of 1 established its behavior as a typical metal-centered radical. 
The reactions of phenyl disulfide and TEMPO with 1 in THF afforded the known thiolate 
[(C5H5)Ni(SPh)(IDipp)] (4)9 and the new TEMPO adduct 5 in quantitative yield (Figure 
3). The molecular structure of 5 shows a side-on η2-coordinated TEMPO ligand and an η1-
coordinated Cp ligand at the distorted square planar nickel(II) atom. The structural 
parameters agree with presence of a formally anionic TEMPO− ligand.10 A sharp 1H NMR 
singlet at 5.93 ppm is observed for the Cp moiety even at −90 °C presumably due to rapid 
haptotropic migration (Figure S4, SI). 
 
Figure 3. Reaction of 1 with TEMPO and [Cp2Fe]PF6, and solid-state molecular structures of 
[(C5H5)Ni(IDipp)(THF)] (1-THF, left)  and [(C5H5)Ni(TEMPO)(IDipp)] (5, right). The hydrogen atoms are 
omitted for clarity. Thermal ellipsoids are drawn at 40% level. Selected bond lengths [Å] and angles [°] 1-
THF: Ni1-C1 1.903(2), (C5H5)centroid-Ni1 1.77(1), C1-Ni1-(C5H5)centroid 131.3(1); 5: Ni1-O1 1.8408(14), Ni1-
N1 1.9581(16), N1-O1 1.3989(20), Ni1-C1 1.8824(19), Ni1-C4 2.034(2), C1-Ni1-O1 104.50(7), O1-Ni1-N1 
43.07(6), C1-Ni1-C4 97.104(4), N1-Ni1-C4 115.325(2). 
 
We next investigated the reactivity of 1 with the heavier chalcogens. The reaction with 1/8 
S8 gave the blue disulfide 6-S and the purple trisulfide 7-S (Figure 4 and 5) in a 7:3 ratio 
according to 1H NMR analysis. 6-S is soluble in n-hexane and diethyl ether and can thus 
be separated from 7-S by extraction and subsequent crystallisation (SI). Disulfide-bridged 
dinuclear complexes with an M-S-S-M motif are well-known,11 while complexes with an 
unsupported µ-S32- bridge are still rather scarce.11a,b,12  
 
Figure 4. Reactions of 1 with P4, S8, Se∞ and Te∞. 
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The structure of 7-S shows a similar S1-S2-S3 angle and S-S bond lengths as the structure of 
[{(C5H5)Fe(CO)2}2(µ-S3)].11a Diselenide 6-Se (31% isolated) is the major reaction product 
of 1 with one equivalent of elemental selenium. A 1H NMR spectrum of the reaction mixture 
(THF, room temperature) shows that 6-Se is formed in more than 80% yield whereas the 
triselenide 7-Se is a minor by-product. Ditelluride 6-Te was the only product to be detected after 
stirring 1 with one equivalent of grey tellurium for seven days. It was isolated as a dark brown 
crystalline solid in 31% yield. The molecular structures of 6-Se, 6-Te and 7-Se are analogous to 
the corresponding sulfides 6-S and 7-S (Figure 5). 
 
Figure 5. Solid-state molecular structures of the products 
 
6-S (left top), 7-S (right top), 6-Se (left centre), 7-Se (right 
centre) and 6-Te (bottom). The hydrogen atoms are omitted for clarity. Thermal ellipsoids are drawn at 40% level. 
Selected bond lengths [Å] and angles [°]: 6-S: Ni1-S1/Ni2-S2 2.1800(1)/2.1797(1), S1-S2 2.0476(1), Ni1-S1-
S2-Ni2 78.601(5); 7-S: Ni1-S1/Ni2-S3 2.1936(6)/2.1748(5), S1-S2/S2-S3 2.0561(7)/2.0522(7), S1-S2-S3 
111.58(3); 6-Se: Ni1-Se1/Ni2-Se2 2.3013(4)/2.2998(4), Se1-Se2 2.3361(3), Ni1-Se1-Se2 109.039(1), Ni1-
Se1-Se2-Ni2 91.174(1); 7-Se: (the analogous bond distances and angles of a second crystallographically 
independent molecule in the asymmetric unit are given in parentheses) Ni1-Se1/Ni2-Se3 2.3068(6)/2.2838(6) 
(2.2847(6)/2.3341(5)), Se1-Se2/Se2-Se3 2.3335(4)/2.3318(5) (2.3282(5)/2.3341(5)), Ni1-Se1-Se2 108.480(2) 
(110.150(2)), Se1-Se2-Se3 109.117(2) (108.352(2)); 6-Te: Ni1-Te1/Ni2-Te2 2.4769(4)/2.4741(4), Te1-Te2 
2.7063(2), Ni1-Te1-Te2 108.928(1), Ni1-Se1-Se2-Ni2 93.951(1). 
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Considering that a mixture of at least two products is formed with sulfur and selenium, it was 
gratifying to discover that complex 1 reacts with P4 in a highly selective fashion in THF at room 
temperature, giving tetraphosphide 8 as the sole product (Figure 4). The reaction is instantaneous, 
and compound 8 can be isolated as an analytically pure, dark purple powder in quantitative yield 
simply by removing the solvent. 
 
Figure 6. Solid-state molecular structures of 8. The hydrogen atoms are omitted for clarity. Thermal ellipsoids are 
drawn at 40% level. Selected bond lengths [Å] and angles [°]: Ni1-P1/Ni2-P2 2.2107(6)/2.2103(6), P1-P3/P4 
2.2334(7)/2.2111(7), P3-P4 2.1649(7), P1-P2 2.8897(8). 
 
 
Its molecular structure (Figure 6) shows an exo/exo configuration for the two [(C5H5)Ni(IDipp)] 
units. The P−P bond lengths (2.2111(7) − 2.2334(7) Å) are very similar to those in P4 (P−P 
2.21 Å). The 31P{1H} NMR spectrum shows two triplets at δ = −307.4 and −45.8 ppm with 1JP-P 
= −190.5 Hz. These values are similar to those of [{CpRFe(CO)2}2(µ-η1:η1-P4)] (CpR = C5H3-
1,3-tBu2, C5H2-1,2,4-tBu3, C5H-iPr4, C5Me5) and [{Cp*Cr(CO)3}2(µ-η1:η1-P4)], which also 
display a tetraphospha[1.1.0]bicyclobutane framework.13 
  
2.3 Conclusion 
In conclusion, we have pepared rare mononuclear cyclopentadienyl nickel(I) complexes 
1−3 with significant metalloradical character.6,7 This feature was successfully utilized for the 
high-yield synthesis of the novel tetraphosphido complex [{(C5H5)Ni(IDipp)}2(µ-η1:η1P4)] (8), 
which features an uncommon µ-η1:η1-bridging P42− ligand.14 Further reactivity studies of 1−3 and 
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structure from 1; see the supporting information (SI) for details. 
§Based on DFT calculations, Hazari et al. attributed the bending of the Ccarbene–Ni–(C5H5)centroid angle 
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2.4        Supporting Information (SI) 
2.4.1 General Procedures 
All experiments were performed under an atmosphere of dry argon using standard Schlenk 
techniques or an MBraun UniLab glovebox. Solvents were purified, dried, and degassed with an 
MBraun SPS800 solvent purification system. NMR spectra were recorded on Bruker Avance 300 
and Avance 400 spectrometers at 300 K and internally referenced to residual solvent 
resonances.1,2 Melting points were measured on samples in sealed capillaries on a Stuart SMP10 
melting point apparatus. UV/Vis spectra were recorded on a Varian Cary 50 spectrophotometer. 
Elemental analyses were determined by the analytical department of Regensburg University. The 
starting materials [IMesH]Cl, [(C5H5)NiCl(IDipp)], [(C5Me5)NiCl(IDipp)] were prepared 
according to literature procedures.3–5 Yellow sulfur, grey selenium, grey tellurium, TEMPO, and 
LiBEt3H (1M solution in THF) were purchased from Aldrich and used as received. 
  
2.4.2 Synthesis of [(C5H5)NiCl(IMes)]  
The preparation of [CpNiCl(IMes)] is based on a published synthesis of [CpNiCl(IDipp)].4 Cp2Ni 
(2.00 g, 10.6 mmol, 1.0 eq.) and [IMesH]Cl (3.79 g, 11.1 mmol) were dissolved in THF 
(100 mL). The suspension was refluxed for 16 h. A colour change to dark purple was observed in 
the first 30 min. The solvent was subsequently removed and the residue was extracted with 
toluene (ca. 100 mL). The resulting solution was concentrated to ca. 20 mL. Purple crystals of 
[CpNiCl(IMes)] formed upon standing at room temperature. These were isolated, washed with n-
pentane (10 mL), and dried in vacuo. Yield: 2.99 g (61%); m.p. >140 °C (slow decomp. to a black 
solid); UV/Vis (THF, λmax /nm (εmax /L·mol−1·cm−1)): 321 (7300), 511 (400); elemental analysis 
calcd. for C26H29ClN2Ni (M = 465.7): C 67.06, H 6.71, N 6.02, found: C 67.36, H 6.22, N 5.91; 
1H NMR (d8-THF, 300 K, 400.13 MHz) δ/ppm = 2.13 (s, 18H, CH3), 4.71 (s, 5H, Cp), 6.19 (s, 
2H, NC-H), 6.87 (s, 4H, meta-HAr); 13C{1H} NMR (d8-THF, 300 K, 100.61 MHz) δ /ppm = 18.6 
(CH3), 21.1 (CH3), 92.3 (Cp), 124.0 (NC-H), 129.4 (CAr), 137.3 (CAr), 139.0 (CAr), 168.8 (NCN). 
 
2.4.3 Synthesis of [(C5H5)Ni(IDipp)] (1) 
KC8 (467 mg, 3.46 mmol, 1.1 eq) was added in small portions to a cooled (−80 °C) solution of 
[CpNiCl(IDipp)] (1.722 g, 3.143 mmol, 1.0 eq) in THF (100 mL). After stirring the reaction 
mixture for three days at room temperature, the solvent was removed, and the dark residue was 
extracted with toluene (6×120 mL). The solvent was removed, and the yellow solid was dried in 
vacuo. Compound 1 was isolated as yellow powder in 86% yield. In some instances, the 1H NMR 
spectrum showed small signals of unknown impurities, which were removed by recrystallization 
from toluene giving yellow crystals of 1 in 51% yield; m.p. >95 °C (slow decomp. to a dark brown 
solid); UV/Vis (n-hexane, λmax /nm (εmax /L·mol−1·cm−1)): 324 (8300), 402 (8100); effective 
magnetic moment (C6D6): µeff = 2.3(1) µB; elemental analysis calcd. for C26H29N2Ni (M = 428.2): 
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C 75.01, H 8.07, N 5.47, found: C 75.02, H 7.94, N 5.43; 1H NMR (C6D6, 300 K, 300.13 MHz) 
δ/ppm = −40.7 (br s, 5H, Cp), 1.3 (br s, 12H, CH(CH3)2), 2.0 (br s, 12H, CH(CH3)2), 3.5 (br s, 
2H, para-HAr), 5.1 (br s, 4H, meta-HAr), 6.8 (br s, 4H, CH(CH3)2), 26.5 (br s, 2H, NC-H). 
 
 
Figure S1. 1H NMR spectrum of [(C5H5)Ni(IDipp)] (1, C6D6, 300 K, 400.13 MHz). 
 
2.4.4 Synthesis of [(C5H5)Ni(IMes)] (2) 
KC8 (154.2 mg, 1.141 mmol, 1.05 eq) was added in small portions to a cooled (−80 °C) solution 
of [CpNiCl(IMes)] (503.7 g, 1.086 mmol, 1.0 eq) in THF (20 mL). The reaction mixture was 
stirred for 14 h at room temperature. The solvent was subsequently removed, and the dark residue 
was extracted with toluene (20 mL). The solution was concentrated to ca. 7 mL. Yellow crystals 
of 2 formed upon cooling this solution to −15 °C. Yield: 178 mg (38%); m.p. >87 °C (slow 
decomp. to a brown solid); UV/Vis (THF, λmax /nm (εmax /L·mol−1·cm−1)): 337 (5400), 400 (4900), 
425 (5700); effective magnetic moment (C6D6): µeff = 2.3(1) µB; elemental analysis calcd. for 
C26H29N2Ni (M = 428.2): C 72.93, H 6.83, N 6.54, found: C 73.39, H , N 6.78, N 6.44; 1H NMR 
(C6D6, 300 K, 400.13 MHz) δ /ppm = −38.2 (br s, 5H, Cp), 1.6 (br s, 6H, para-CH3), 3.5 (br s, 
12H, ortho-CH3), 4.6 (br s, 4H, meta-HAr), 25.4 (br s, 2H, NC-H). Compound 2 contains a small 
amount (<5% according to the 1H NMR analysis) of putative [CpNiH(IMes)], which could not be 
removed by recrystallisation (see Figure S2).  
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Figure S2. 1H NMR spectrum of [(C5H5)Ni(IMes)] (2, C6D6, 300 K, 400.13 MHz). The signals assigned to the by-
product [(C5H5)NiH(IMes)] are labeled with an asterisk.  
 
 
2.4.5 Synthesis of [(C5Me5)Ni(IDipp)] (3) 
KC8 (115 mg, 0.853 mmol, 1.1 eq) was added in small portions to a cooled (−80 °C) solution of 
[(C5Me5)NiCl(IDipp)] (479 g, 0.775 mmol, 1.0 eq) in THF (20 mL). The solvent was removed 
after stirring the reaction mixture for four days at room temperature, and the dark residue was 
extracted with toluene (10 mL and 5 mL). The solution was concentrated to ca. 3 mL. Yellow 
crystals of 3 formed upon cooling this solution to −35 °C Yield: 246 mg (55%); m.p. >98 °C 
(slow decomp. to a black solid); UV/Vis (n-hexane, λmax /nm (εmax /L·mol−1·cm−1)): sh351 (6600), 
371 (7100), 476 (9400); effective magnetic moment (C6D6): µeff = 2.2(1) µB; elemental analysis 
calcd. for C37H51N2Ni (M = 582.5): C 76.29, H 8.83, N 4.81, found: C 76.56, H , N 8.67, N 4.69; 
1H NMR (C6D6, 300 K, 400.13 MHz) δ/ppm = 1.8 (br s, 12H, CH(CH3)2), 2.7−2.9 (br m, 16H, 
CH(CH3)2/para-H), 5.6 (br s, 4H, meta-HAr), 6.30 (br s, 4H, CH(CH3)2), 30.8 (br s, 2H, NC-H), 
103.6 (br s, 15H, C5Me5). 




Figure S3. 1H NMR spectrum of [(C5Me5)Ni(IDipp)] (3, C6D6, 300 K, 400.13 MHz). 
 
2.4.6 Synthesis of [(C5H5)Ni(SPh)(IDipp)] (4)  
A solution of 1 (28.2 mg, 0.0550 mmol, 2.0 eq.) in THF (3 mL) was added to a solution of phenyl 
disulfide (6.0 mg, 0.027 mmol, 1.0 eq.) in THF (3 mL) at room temperature. The solvent was 
removed after stirring the reaction solution for 20 min, and the crude product was extracted with 
n-hexane. Dark brown crystals formed upon cooling the solution to −35 °C. Yield: 21 mg (62%); 
elemental analysis calcd. for C38H46N2NiS (M = 621.6): C 73.43, H 7.46, N 4.51, found: C 73.20, 
H 7.49, N 4.23; 1H NMR (CDCl3, 300 K, 400.13 MHz) δ/ppm = 1.08 (d, 3JHH = 6.9 Hz, 12H, 
CH(CH3)2), 1.39 (d, 3JHH = 6.9 Hz, 12H, CH(CH3)2), 2.90 (bs, 4H, CH(CH3)2), 4.56 (s, 5H, Cp), 
6.64 (m, 3H, meta-/para-HPh), 6.86 (m, 2H, ortho-HPh), 7.09 (s, 2H, NC-H), 7.30 (d, 3JHH = 7.8 Hz, 
4H, meta- HDipp), 7.46 (t, 3JHH = 7.8 Hz, 2H, para- HDipp); 13C{1H} NMR (ppm): 22.5, 26.2, 28.8, 
92.1, 120.0, 123.9, 125.2, 126.2, 129.9, 137.1, 146.2, 148.2 174.4. 
 
2.4.7 Synthesis of [(C5H5)Ni(TEMPO)(IDipp)] (5) 
A solution of TEMPO (19.4 mg, 0.124 mmol, 1.0 eq.) in toluene (2 mL) was added to a solution 
of 1 (63.6 mg, 0.124 mmol, 1.0 eq.) in toluene (2 mL) at room temperature. The reaction solution 
was slightly reduced in volume after stirring for 1 h. Dark pink X-ray quality crystals of 5 formed 
after cooling the solution to −35 °C. Yield: 68 mg (65%); m.p.  >70 °C (slow decomp. to a dark 
brown oil); UV/Vis (n-hexane, λmax /nm (εmax /L·mol−1·cm−1)): 510 (593); elemental analysis 
calcd. for C41H59N3NiO (M = 668.6): C 73.65, H 8.89, N 6.28, found: C 73.69, H 8.77, N 6.34; 
1H NMR (C6D6, 300 K, 400.13 MHz) δ/ppm = 0.89 (s, 6H, CH3-TEMPO), 0.96−1.28 (m, 4H, 
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CH2), 1.00 (d, 3JHH = 6.8 Hz, 12H, CH(CH3)2), 1.46-1.56 (m, 2H, CH2), 1.46 (d, 3JHH = 6.8 Hz, 
12H, CH(CH3)2), 1.67 (s, 6H, CH3-TEMPO), 3.12 (sept, 3JHH = 6.8 Hz, 4H, CH(CH3)2), 5.93 (s, 
5H, Cp), 6.61 (s, 2H, NC-H), 7.24 (d, 3JHH = 7.5 Hz, 4H, meta-HAr), 7.32 (t, 3JHH = 7.7 Hz, 2H, 
para-HAr); 13C{1H} NMR (C6D6, 300 K, 100.61 MHz) δ/ppm = 16.9 (N-CH2-CH2), 22.6 
(CH(CH3)2), 23.3 (CH3-TEMPO), 26.5 (CH(CH3)2), 29.1 (CH(CH3)2), 31.9 (CH3-TEMPO), 37.1 
(N-CH2-CH2), 63.1 (ONC), 109.6 (Cp), 124.0 (meta-C), 125.5 (NC-H), 130.1 (para-C), 137.3 
(ipso-C), 147.0 (ortho-C), 183.6 (NCN). 
 
 
Figure S4. 1H NMR spectrum of [(C5H5)Ni(TEMPO)(IDipp)] (5, C7D8, 400.13 MHz) at different temperatures. 
 
2.4.8 Synthesis of [(C5H5)Ni(IDipp)2(µ-η1:η1-S2)] (6-S) and [(C5H5)Ni(IDipp)2(µ-η1:η1-
S3)] (7-S)  
S8 (6.7 mg, 0.026 mmol, 1.0 eq.) was added to a solution of 1 (107.1 mg, 0.209 mmol, 8.0 eq.) in 
THF (5 mL) at room temperature. The resulting dark green solution was stirred for 14 h, and the 
solvent was removed afterwards. Blue X-ray quality crystals of 6-S were obtained by extracting 
the raw product with n-hexane and cooling the solution to −35 °C. Yield (6-S): 47 mg (42%). The 
solid residue of the n-hexane extract was washed with diethyl ether. 7-S was obtained as a purple 
powder by extracting the residue with THF and removing of the solvent of this filtrate. Yield (7-
S): 18 mg (15%). X-ray quality crystals were obtained by cooling a concentrated solution of 7-S 
in toluene to −35 °C. Analytical data for 6-S: m.p. >195 °C (slow decomp. to a dark grey solid); 
UV/Vis (n-hexane, λmax /nm (εmax /L·mol−1·cm−1)): 415 (5900), sh540 (4238), 635 (10046); 
elemental analysis calcd. for C64H82N4Ni2S2 (M = 1088.9): C 70.59, H 7.59, N 5.15, found: C 
70.57, H 7.44, N 4.95; 1H NMR (C6D6, 300 K, 400.13 MHz) δ/ppm = 0.96 (d, 3JHH = 6.7 Hz, 24H, 
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CH(CH3)2), 1.52 (d, 3JHH = 6.7 Hz, 24H, CH(CH3)2), 3.14 (bs, 8H, CH(CH3)2), 4.65 (s, 10H, Cp), 
6.45 (s, 4H, NC-H), 7.17−7.26 (m, 12H, HAr); 13C{1H} NMR (C6D6, 300 K, 100.61 MHz) δ/ppm 
= 23.2 (CH(CH3)2), 26.0 (CH(CH3)2), 28.9 (CH(CH3)2), 94.1 (Cp), 124.1 (NC-H), 124.7 (meta-
C), 130.0 (para-C), 137.8 (ipso-C), 146.2 (ortho-C), 181.3 (NCN). Analytical data for 7-S: m.p. 
>173 °C (slow decomp. to a dark solid); UV/Vis (THF, λmax /nm (εmax /L·mol−1·cm−1)): 370 
(6000), 531 (8455); elemental analysis calcd. for C64H82N4Ni2S3·C4H8O (M = 1121.0): C 68.46, 
H 7.60, N 4.70, found: C 68.04, H 7.14, N 4.67; 1H NMR (d8-THF, 300 K, 400.13 MHz) δ/ppm 
= 0.94 (d, 3JHH = 6.7 Hz, 24H, CH(CH3)2), 1.47 (d, 3JHH = 6.7 Hz, 24H, CH(CH3)2), 3.06 (bs, 8H, 
CH(CH3)2), 5.21 (s, 10H, Cp), 6.50 (s, 4H, NC-H), 7.19-7.33 (m, 12H, HAr); 13C{1H} NMR (d8-
THF, 300 K, 100.61 MHz) δ/ppm = 23.0 (CH(CH3)2), 26.1 (CH(CH3)2), 29.3 (CH(CH3)2), 92.2 
(Cp), 124.3 (NC-H), 126.2 (meta-C), 130.1 (para-C), 138.3 (ipso-C), 147.1 (ortho-C), 178.6 
(NCN). 
 
2.4.9 Synthesis of [(C5H5)Ni(IDipp)2(µ-η1:η1-Se2)] (6-Se) 
Grey selenium (28.1 mg, 0.357 mmol, 1.0 eq.) was added to a solution of 1 (183.0 mg, 
0.357 mmol, 1.0 eq.) in THF (5 mL) at room temperature. The resulting dark green solution was 
stirred for 16 h, and the solvent was removed afterwards. The residue was extracted with toluene, 
and the solution was layered with n-hexane to afford X-ray quality crystals of 6-Se at room 
temperature overnight. The 1H NMR spectrum of these crystals shows the presence of compound 
7-Se (ca. 10%) which was characterised by X-ray crystallography. Yield: 30 mg (31%); m.p. 
>173 °C (decomp. to a black oil); UV/Vis (THF, λmax /nm (εmax /L·mol−1·cm−1)): 435 (6000), 650 
(5500); elemental analysis calcd. for C64H82N4Ni2Se2·0.5(C6H14) (M = 1225.8): C 65.65, H 7.32, 
N 4.57, found: C 66.05, H 7.33, N 4.49; 1H NMR (C6D6, 300 K, 400.13 MHz) δ/ppm = 0.95 (d, 
3JHH = 6.7 Hz, 24H, CH(CH3)2, 6-Se), 1.14 (d, 3JHH = 6.9 Hz, 2.4H, CH(CH3)2, 7-Se), 1.48 (d, 
3JHH = 6.9 Hz, 2.4H, CH(CH3)2, 7-Se), 1.52 (d, 3JHH = 6.7 Hz, 24H, CH(CH3)2, 6-Se), 2.87 (sept., 
0.8H, 3JHH = 6.9 Hz, CH(CH3)2, 7-Se), 3.11 (br s, 8H, CH(CH3)2, 6-Se), 4.65 (s, 10H, Cp, 6-Se), 
5.18 (s, 1H, Cp, 7-Se), 6.30 (s, 0.4H, NC-H, 7-Se), 6.51 (s, 4H, NC-H, 6-Se), 7.12−7.27 (m, 13H, 
HAr, 6-Se/7-Se); 13C{1H} NMR (C6D6, 300 K, 100.61 MHz) δ/ppm = 23.1 (CH(CH3)2), 26.2 
(CH(CH3)2), 29.0 (CH(CH3)2), 94.4 (Cp), 124.0 (NC-H), 124.9 (meta-C), 130.0 (para-C), 137.8 
(ipso-C), 146.4 (ortho-C), 182.4 (NCN). 
 
2.4.10 Synthesis of [(C5H5)Ni(IDipp)2(µ-η1:η1-Te2)] (6-Te)  
Grey tellurium (18.1 mg, 0.142 mmol, 1.0 eq.) was added to a solution of 1 (72.7 mg, 
0.142 mmol, 1.0 eq.) in THF (5 mL) at room temperature. The suspension was stirred for 7 days. 
A slow colour change from dark yellow to dark brown was observed. The solvent was removed, 
and the dark residue was extracted with diethyl ether. Cooling to −35 °C gave dark brown crystals 
of 6-Te. Yield: 30 mg (31%) X-ray quality crystals were grown from a concentrated solution of 
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6-Te in n-hexane at room temperature; m.p. >165 °C (slow decomp. to a grey solid); UV/Vis 
(THF, λmax /nm (εmax /L·mol−1·cm−1)): 308 (27800), 460 (6670), 521 (5670), 669 (5170); elemental 
analysis calcd. for C64H82N2Ni2S2·0.5(C4H10O) (M = 1317.0): C 60.19, H 6.66, N 4.25, found: C 
60.31, H 6.54, N 4.27; 1H NMR (C6D6, 300 K, 400.13 MHz) δ/ppm = 0.93 (d, 3JHH = 6.7 Hz, 24H, 
CH(CH3)2), 1.51 (d, 3JHH = 6.7 Hz, 24H, CH(CH3)2), 3.15 (bs, 8H, CH(CH3)2), 4.70 (s, 10H, Cp), 
6.45 (s, 4H, NC-H), 7.16 (m, 4H, ortho-HAr), 7.22 (m, 8H, meta- HAr); 13C{1H} NMR (C6D6, 
300 K, 100.61 MHz) δ/ppm = 23.5 (CH(CH3)2), 26.2 (CH(CH3)2), 29.2 (CH(CH3)2), 94.9 (Cp), 
124.1 (NC-H), 125.2 (meta-C), 130.0 (para-C), 138.0 (ipso-C), 146.4 (ortho-C), 186.3 (NCN). 
 
2.4.11 Synthesis of [(C5H5)Ni(IDipp)2(µ-η1:η1-P4)] (8)  
P4 (79.4 mg, 0.641 mmol, 1.0 eq.) was added to a solution of 1 (656.7 mg, 1.28 mmol, 2.0 eq.) in 
THF (20 mL) at room temperature. The resulting dark red solution was stirred for 2 h. Afterward, 
the solvent was removed completely. Compound 8 remained as an analytically pure, red powder. 
Yield: 727 mg (99%). Dark purple X-ray quality crystals formed by diffusing n-hexane into a 
concentrated THF solution of 8; m.p. >160 °C (slow decomp. to a black and colourless solid); 
UV/Vis (THF, λmax /nm (εmax /L·mol−1·cm−1)): 395 (23700), 420 (10700), 508 (10700); elemental 
analysis calcd. for C64H82N4Ni2P4 (M = 1148.7): C 66.92, H 7.20, N 4.88, found: C 66.85, H 7.23, 
N 4.61; 1H NMR (d8-THF, 300 K, 400.13 MHz) δ/ppm = 1.06 (d, 3JHH = 6.8 Hz, 24H, CH(CH3)2), 
1.43 (d, 3JHH = 6.8 Hz, 24H, CH(CH3)2), 3.03 (bs, 8H, CH(CH3)2), 4.29 (s, 10H, Cp), 7.29 (s, 4H, 
NC-H), 7.36 (d, 3JHH = 7.8 Hz, 8H, meta-HAr), 7.49 (t, 3JHH = 7.8 Hz, 4H, para-HAr); 13C{1H} 
NMR (d8-THF, 300 K, 100.61 MHz) δ/ppm = 23.6 (CH(CH3)2), 26.2 (CH(CH3)2), 29.4 
(CH(CH3)2), 91.0 (Cp), 124.4 (meta-C), 125.7 (NC-H), 130.2 (para-C), 138.4 (ipso-C), 147.0 
(ortho-C), 185.6 (NCN); 31P{1H} NMR: (d8-THF, 300 K, 121.49 MHz) δ/ppm = −307.4 (t, 1JPP = 
−190.5 Hz, 2P), −45.8 (t, 1JPP = −190.5 Hz, 2P). 
 




Figure S5. 31P{1H} NMR spectrum of the reaction solution of [(C5H5)Ni(IDipp)(µ-η1:η1-P4)] (8, C6D6, 300 K, 
121.49 MHz,). 
 
2.4.12 Synthesis of 1-H 
An 1M solution of LiBEt3H (0.50 mL, 0.50 mmol, 1.0 eq.) was added to a solution of 
[(C5H5)NiCl(IDipp)] (274 mg, 0.500 mmol, 1.0 eq.) in THF (10 mL) dropwise at 0 °C. The 
solution was allowed to warm up to room temperature, and was stirred for 14 h. The solvent of 
the resulting red solution was removed and extracted with 20 mL n-hexane. X-ray quality, red 
crystals of 1-H formed upon cooling the solution to −15 °C. Yield: 98 mg (38%); m.p. >185 °C 
(slow decomp. to a dark green solid); UV/Vis (n-hexane, λmax /nm (εmax /L·mol−1·cm−1)): 365 
(4500), 429 (710), 510 (150); elemental analysis calcd. for C32H42N2Ni (M = 513.4): C 74.86, H 
8.25, N 5.46, found: C 74.65, H 8.20, N 5.35; 1H NMR (C6D6, 300 K, 400.13 MHz) δ/ppm = 
−23.64 (s,1H, Ni-H),1.07 (d, 3JHH = 6.8 Hz, 12H, CH(CH3)2), 1.45 (d, 3JHH = 6.8 Hz, 12H, 
CH(CH3)2), 2.92 (sept, 3JHH = 6.8 Hz, 4H, CH(CH3)2), 4.91 (s, 5H, Cp), 6.45 (s, 2H, NC-H), 7.14 
(d, 3JHH = 7.7 Hz, 4H, meta- HAr), 7.24 (t, 3JHH = 7.7 Hz, 2H, para- HAr); 13C{1H} NMR (C6D6, 
300 K, 100.61 MHz) δ/ppm = 23.1 (CH(CH3)2), 24.9 (CH(CH3)2), 28.9 (CH(CH3)2), 86.9 (Cp), 
122.5 (NC-H), 124.0 (meta-C), 129.7 (para-C), 138.7 (ipso-C), 146.2 (ortho-C), 188.6 (NCN).  
 
2.4.13 Synthesis of 1-THF 
[Cp2Fe]PF6 (10.8 mg, 0.0326 mmol, 1.0 eq.) was added to a solution of 1 (16.7 mg, 0.0326 mmol, 
1.0 eq.) in THF (3 mL) at room temperature. The suspension was stirred for 14 h, and the solvent 
was removed afterwards. The residue was washed with n-hexane (ca. 3 mL) and extracted with 
THF (1.5 mL). Dark pink X-ray quality crystals of 1-THF formed upon diffusing n-hexane into 
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the THF solution. The 1H NMR spectrum of these crystals shows the presence of an unidentified 
by-product (ca. 10%). Yield: 10 mg (42%); m.p. >120 °C (decomp. to a brown solid); UV/Vis 
(THF, λmax /nm (εmax /L·mol−1·cm−1)): 516 (467); elemental analysis calcd. for C36H49N2F6NiOP 
(M = 729.46): C 59.28, H 6.77, N 3.84, found: C 58.84, H 6.52, N 3.79; 1H NMR (d8-THF, 300 K, 
400.13 MHz) δ/ppm = 1.20 (d, 3JHH = 6.6 Hz, 12H, CH(CH3)2, 1-THF), 1.24 (d, 3JHH = 6.7 Hz, 
1.2H, CH(CH3)2, by-product), 1.32 (d, 3JHH = 6.7 Hz, 1.2H, CH(CH3)2, by-product), 1.50 (d, 3JHH 
= 6.6 Hz, 12H, CH(CH3)2, 1-THF), 1.80 (m, 4H, THF), 2.54 (m, 0.4H, CH(CH3)2, by-product), 
3.13 (m, 4H, CH(CH3)2, 1-THF), 4.60 (s, 5H, Cp, 1-THF), 7.46 – 7.64 (m, 0.3H, HAr, by-
product), 7.48−7.67 (m, 6H, HAr, 1-THF), 7.73 (s, 2H, NC-H, 1-THF) 8.17 (s, 0.2H, NC-H, by-
product) 9.44 (s, 0.1H, NCHN, by-product); 13C{1H} NMR (C6D6, 300 K, 100.61 MHz) δ/ppm = 
22.5 (CH(CH3)2), 29.8 (CH(CH3)2), 94.9 (Cp), 125.4 (NC-H), 129.1 (meta-C), 131.5 (para-C), 
132.8 (ipso-C), 146.2 (ortho-C); 19F NMR (d8-THF, 300 K, 100.61 MHz) δ/ppm = 72.8 (d, 1JFP = 
710 Hz, 6F, PF6); 31P{1H} NMR (d8-THF, 300 K, 121.49 MHz) δ/ppm = −141.6 (sept., 1JFP = 710 
Hz, 1P, PF6). 
 
2.5 X-ray Crystallography 
The single crystal X-ray diffraction data were recorded on an Agilent Technologies SuperNova 
diffractometer or, in case of compounds 2 and 3, with an Agilent Technologies Gemini Ultra R 
with Cu Kα radiation (λ = 1.54178 Å). The data for 1-H were recorded with an Agilent 
Technologies SuperMova diffractometer with Mo Kα radiation (λ = 0.71073 Å). Either semi-
empirical multi-scan absorption corrections6 or analytical ones7 were applied to the data. The 
structures were solved with SHELXS8 or SIR9 and least-square refinements on F2 were carried 
out with SHELXL.7 
CCDC 995931-995941 contain the supplementary crystallographic data for this paper. These data 
can be obtained free of charge from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 
 
Figure S6. Solid-state molecular structure of 1-H. Except for H1 the hydrogen atoms are omitted for clarity. Thermal 
ellipsoids are drawn at 40% level. Selected bond lengths [Å] and angles [°] the analogous bond distances and 
angles of the second molecule in the asymmetric unit are pointed out in brackets: Ni1-C1 1.849(4) (1.838(4)), 
(C5H5)centroid-Ni1 1.77(1) (1.75(1)), C1-Ni1-(C5H5)centroid 148.3(1) (145.9(1)). 
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Table S1. Crystallographic data of 1, 2, 3, 5, 6-S, 7-S, 6-Se, 7-Se, 6-Te, 8, 1-H, 1-THF. 
Compound 1 2 3 
Empirical formula  C32H41N2Ni C26H29N2Ni C37H51N2Ni 
Formula weight  512.38 428.22 582.50 
Temperature [K]  123(1) 123(1) 123(1) 
Crystal system  triclinic orthorhombic monoclinic 
Space group  P-1 Pnma P21/n 
a [Å]  9.1771(3) 22.89090(10) 9.23970(10) 
b [Å]  9.3242(3) 11.10740(10) 18.6957(2) 
c [Å] 18.2253(5) 9.03710(10) 21.5074(2) 
α [°]  92.783(2) 90 90 
β [°]  90.158(2) 90 93.7790(10) 
γ [°]  116.159(3) 90 90 
Volume [Å3] 1397.63(7) 2297.76(3) 3707.17(7) 
Z  2 4 4 
ρcalc [g/cm3] 1.218 1.238 1.044 
µ [mm−1] 1.146 1.299 0.913 
F(000)  550.0 908.0 1260.0 
Crystal size [mm3] 0.4 × 0.2 × 0.1 0.1 × 0.1 × 0.05 0.1 × 0.1 × 0.05 
 2Θ range for data collection [°] 9.72 to 153.36° 7.724 to 134.068° 8.24 to 134.012° 
Index ranges 
−8 ≤ h ≤ 11, −11 ≤ k ≤ 
11, −22 ≤ l ≤ 22 
−27 ≤ h ≤ 27, −13 ≤ k ≤ 
13, −10 ≤ l ≤ 10 
−11 ≤ h ≤ 10, −22 ≤ k 
≤ 22, −21 ≤ l ≤ 25 
Reflections collected 14839 49162 19260 
Independent reflections 5715[R(int) = 0.0186] 2165 [Rint = 0.0377] 6556 [Rint = 0.0278] 
Data / restraints / parameters 5715/0/325 2165/2/167 6556/6/410 
Goodness-of-fit on F2 1.035 1.120 1.074 
Final R indexes [I>=2σ (I)] 0.0293, 0.0737 0.0298, 0.0789  0.0384, 0.1080 
Final R indexes [all data] 0.0304, 0.0745 0.0309, 0.0798 0.0427, 0.1121 
Largest diff. peak/hole [e Å−3] 0.30/−0.30 0.21/−0.42 0.57/−0.43 
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Compound 5 6-S 7-S 
Empirical formula  C55H75N3ONi C64H82N4Ni2S2 C128H164N8Ni4S6 
Formula weight  852.89 1088.88 2241.87 
Temperature [K]  123(1) 123(1) 123(1) 
Crystal system  triclinic triclinic Monoclinic 
Space group  P-1 P-1 P21/n 
a [Å]  11.1354(8) 13.0231(5) 16.6760(4) 
b [Å]  12.2243(5) 14.2423(6) 18.4118(5) 
c [Å] 17.8241(7) 18.1147(5) 38.8467(10) 
α [°]  87.524(4) 100.585(3) 90.00 
β [°]  85.065(5) 95.676(3) 96.027(2) 
γ [°]  87.053(5) 114.757(4) 90.00 
Volume [Å3] 2412.2(2) 2940.41(19) 11861.4(5) 
Z  2 2 4 
ρcalc [g/cm3] 1.174 1.230 1.255 
µ [mm−1] 0.877 1.766 2.086 
F(000)  924.0 1164.0 4784.0 
Crystal size [mm3] 0.3 × 0.15 × 0.1 0.3 × 0.2 × 0.1 0.09 × 0.08 × 0.07 
2Θ range for data collection [°] 7.246 to 147.526 7.06 to 147.32 6.64 to 147.52 
Index ranges 
−13 ≤ h ≤ 13, −15 ≤ k 
≤ 15, −22 ≤ l ≤ 19 
−13 ≤ h ≤ 16, −17 ≤ k ≤ 
17, −22 ≤ l ≤ 21 
−20 ≤ h ≤ 18, −22 ≤ k ≤ 
15, −47 ≤ l ≤ 47 
Reflections collected 21977 21454 47574 
Independent reflections 9329 [Rint = 0.0504] 11356[R(int) = 0.0211] 22844[R(int) = 0.0291] 
Data / restraints / parameters 9329/0/561 11356/0/649 22844/0/1315 
Goodness-of-fit on F2 1.041 1.024 1.010 
Final R indexes [I>=2σ (I)]  0.0476, 0.1224 0.0302, 0.0738 0.0367, 0.0903 
Final R indexes [all data]  0.0606, 0.1354 0.0368, 0.0782 0.0475, 0.0961 
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Compound 6-Se 7-Se 6-Te 
Empirical formula  C70H96N4Ni2Se2 C64H82N4Ni2Se3 C70H96N4Ni2Te2 
Formula weight  1268.84 1261.63 1366.12 
Temperature [K]  123(1) 123(1) 123(1) 
Crystal system  monoclinic monoclinic monoclinic 
Space group  P21/c P21/n P21/c 
a [Å]  19.5580(3) 16.8208(6) 19.69630(10) 
b [Å]  20.1611(2) 18.4669(10) 20.47330(10) 
c [Å] 16.7962(2) 39.0547(10) 16.93030(10) 
α [°]  90 90 90 
β [°]  96.1920(10) 96.196(3) 98.0580(10) 
γ [°]  90 90 90 
Volume [Å3] 6584.28(14) 12060.6(8) 6759.71(6) 
Z  4 8 4 
ρcalc [g/cm3] 1.280 1.390 1.342 
µ [mm−1] 2.282 3.152 7.667 
F(000)  2672.0 5216.0 2816.0 
Crystal size [mm3] 0.3 × 0.25 × 0.25 0.2 × 0.2 × 0.1 0.2 × 0.05 × 0.05 
 2Θ range for data collection [°] 6.32 to 146.96 7.13 to 147.97 6.26 to 147.26 
 Index ranges 
−23 ≤ h ≤ 20, −24 ≤ k ≤  
21, −20 ≤ l ≤ 19 
−20 ≤ h ≤ 14, −22 ≤ k  
≤ 20, −42 ≤ l ≤ 48 
−24 ≤ h ≤ 24, −25 ≤   
≤ 25, −20 ≤ l ≤ 17 
Reflections collected 32467 43761 88776 
Independent reflections  12810[R(int) = 0.0254] 23312 [Rint = 0.0292] 13479 [Rint = 0.0472] 
Data / restraints / parameters  12810/0/703 23312/0/1315 13479/0/703 
Goodness-of-fit on F2  1.022 1.031 1.037 
Final R indexes [I>=2σ (I)]  0.0296, 0.0709 0.0409, 0.0985 0.0277, 0.0717 
Final R indexes [all data]  0.0382, 0.0759 0.0495, 0.1040 0.0302, 0.0735 
Largest diff. peak/hole [e Å−3] 0.38/−0.58 2.76/−0.71 2.47/−0.75 
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Compound 8 1-H 1-THF 
Empirical formula  C66H86N4Ni2O0.5P4 C32H42N2Ni C36H49N2F6PNiO  
Formula weight  1184.69 513.39 729.45  
Temperature [K]  123(1) 123(1) 123(1)  
Crystal system  monoclinic monoclinic monoclinic  
Space group  P21/c P21/n Cc  
a [Å]  13.7371(2) 12.4764(4) 12.7889(2)  
b [Å] 23.6940(5) 36.2568(10) 16.8666(3)  
c [Å] 19.4754(3) 12.7163(4) 16.4852(3)  
α [°]  90.00 90.00 90.00  
β [°]  91.093(2) 90.223(3) 94.4860(10)  
γ [°]  90.00 90.00 90.00  
Volume [Å3]  6337.83(19) 5752.2(3) 3545.05(11)  
Z  4 8 4  
ρcalc [g/cm3]  1.242 1.186 1.367  
µ [mm−1] 2.012 0.696 1.754  
F(000)  2520.0 2208.0 1536.0  
Crystal size [mm3] 0.3 × 0.07 × 0.04 0.35 × 0.3 × 0.25 0.197 × 0.071 × 0.046  
2Θ range for data collection [°] 6.44 to 147.18 6.4 to 52 8.7 to 147.32  
Index ranges −17 ≤ h ≤ 16, −25 ≤ k  
≤  28, −22 ≤ l ≤ 24 
−12 ≤ h ≤ 15, −44 ≤ k  
≤ 44, −15 ≤ l ≤ 13 
−15 ≤ h ≤ 15, −20 ≤ k ≤ 20,  
−20 ≤ l ≤ 20  
Reflections collected  27288 27792 20803  
Independent reflections  12211[R(int) = 0.0367] 11247[R(int) = 0.0275] 6714 [R(int) = 0.0307]  
Data / restraints / parameters  12211/23/712 11247/0/639 6714/2/424  
Goodness-of-fit on F2  1.017 1.159 1.059  
Final R indexes [I>=2σ (I)]  0.0366, 0.0925 0.0627, 0.1742  0.0258, 0.0661  
Final R indexes [all data]  0.0465, 0.0995 0.0696, 0.1771 0.0268, 0.0671  
Largest diff. peak/hole [e Å−3] 0.36/−0.44 0.63/−0.42 0.23/−0.26  
Flack parameter - - −0.007(13) 
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2.6 EPR Spectroscopy 
Experimental X-band EPR spectra were recorded on a Bruker EMX spectrometer (Bruker 
BioSpin Rheinstetten) equipped with a He temperature control cryostat system (Oxford 
Instruments). Simulations of the EPR spectra were performed by iteration of the anisotropic g-
values and line widths using the EPR simulation program W95EPR developed by Prof. Dr. Frank 
Neese. 
Calculation of the EPR Properties with DFT 
The gas phase geometry of 1, 2 and 3 (using the X-ray crystal structure geometry as a starting 
point) was optimized with the Turbomole program package10 coupled to the PQS Baker 
optimizer11 via the BOpt package12 at the ri-DFT13/BP8614 level. We used Grimme’s D3 dispersion 
corrections (disp3)15 and the def2-TZVP basis set16 for all atoms. The minimum (no imaginary 
frequencies) was characterized by calculating the Hessian matrix. The Cartesian coordinates of 
the optimized geometries are supplied in .xyz format.   
EPR parameters17 were calculated with both the ORCA18 and the ADF19 program systems, using 
the coordinates from the structures optimized in Turbomole as input. In the Orca calculations we 
used the b3-lyp20 functional and def2-TZVP basis set. In the ADF calculations we used the BP86 
functional with the ZORA/TZP basis sets supplied with the program (all electron, core double 
zeta, valence triple zeta polarized basis set on all atoms). The EPR g-tensors in ADF were 
obtained from restricted SPINORBIT ZORA calculations.  
 
Table 2. Experimental(a) and DFT calculated (b) EPR parameters of [(C5H5)Ni(IDipp)] (1), [(C5H5)Ni(IMes)] (2) and 
(C5Me5)Ni(IDipp) (3). 
1 g11 (W) (d) g22 (W) (d) g33 (W) (d) 
Exp (a) 2.377 (50) 2.306 (19) 2.050 (16) 
DFT (b) 2.220 2.187 2.078 
DFT (c) 2.559 2.007 1.930 
2    
Exp (a) 2.420(37) 2.289(16) 2.039(13) 
DFT (b) 2.225 2.210 2.076 
DFT (c) 2.236 2.229 2.071 
3    
Exp (a) 2.315(22) 2.305(49) 2.064(11) 
DFT (b) 2.228 2.179 2.087 
DFT (c) 2.242 2.187 2.090 
(a) Obtained by simulation of the experimental spectrum.  
(b) Orca, b3-lyp, def2-TZVP. 
(c) ADF, BP86, TZ2P. 
(d) g-tensor (line width W in MHz). 
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Cartesian coordinates of [(C5H5)Ni(IDipp)] (1) optimized with Turbomole at the ri-DFT-D3, 
BP86, def2-TZVP level 
76 
 Energy =   -2862.8786196500 
 C    8.1629980    1.8209051    4.6447538 
 C    9.4973894    0.0212958    5.1707102 
 H   10.1099830   -0.6002987    5.8113760 
 C    9.1343029   -0.1130336    3.8675043 
 H    9.3642247   -0.8784003    3.1371932 
 C    7.3365598    5.3005980    3.7258491 
 H    8.2387069    5.7405040    3.3131112 
 C    6.4685895    4.3765785    3.0641519  
 H    6.6044554    3.9743870    2.0638249  
 C    5.3882004    4.0555039    3.9540119 
 H    4.5610708    3.3895469    3.7358988 
 C    5.6113284    4.7414495    5.1767856 
 H    4.9818432    4.7025377    6.0608740 
 C    6.8252631    5.5046401    5.0389918  
 H    7.2678613    6.1345745    5.8059834  
 C    7.6978182    1.1984684    2.2877897  
 C    6.3180207    0.9346225    2.1522657  
 C    5.7445746    1.1771714    0.8980352  
 H    4.6821830    0.9916141    0.7450134  
 C    6.5083506    1.6650986   -0.1625419  
 H    6.0365130    1.8500375   -1.1289474  
 C    7.8661946    1.9268901    0.0065625   
 H    8.4445634    2.3209255   -0.8287281  
 C    8.4921836    1.7003397    1.2394176   
 C    8.9476263    1.6899533    6.9704014   
 C    7.9486273    1.2702701    7.8709303   
 C    7.9921183    1.7946813    9.1687735   
 H    7.2326750    1.4983185    9.8936381   
 C    8.9842319    2.7014534    9.5425988   
 H    8.9986957    3.1008897   10.5579926 
 C    9.9516316    3.1076294    8.6244045   
 H   10.7114847    3.8303387    8.9255131 
 C    9.9539957    2.6112774    7.3140776   
 C    5.4927007    0.4418667    3.3350095   
 H    5.7910541    1.0699106    4.1923568   
 C    5.8007847   -1.0266277    3.6859937   
 H    5.5364955   -1.6888784    2.8475052   
 H    5.2110015   -1.3361107    4.5621934   
 H    6.8594026   -1.1838457    3.9260870   
 C    3.9810066    0.6146554    3.1491270   
 H    3.7138295    1.6363655    2.8477822   
 H    3.4675689    0.3980569    4.0965647   
 H    3.5791485   -0.0780741    2.3932376   
 C    9.9540500    2.0615034    1.4704897   
 H   10.3643031    1.3477306    2.2019128 
 C   10.8202571    1.9632513    0.2078845  
 H   10.7165572    0.9851507   -0.2837210 
 H   11.8783462    2.1049697    0.4703283  
 H   10.5632822    2.7423790   -0.5247611  
 C   10.0541406    3.4642993    2.1011299   
 H    9.6584137    4.2216088    1.4073444   
 H   11.1029627    3.7147510    2.3208862  
 H    9.4729245    3.5280977    3.0320584   
 C    6.8265084    0.3389402    7.4364950   
 H    7.1016657   -0.0893389    6.4612634  
 C    5.5264428    1.1364781    7.2285002   
 H    5.1810119    1.5786384    8.1754594   
 H    4.7299912    0.4802431    6.8451856   
 H    5.6869623    1.9510777    6.5037264   
 C    6.6208250   -0.8312794    8.4097979   
 H    7.5524534   -1.3947325    8.5615438  
 H    5.8609479   -1.5219133    8.0158860  
 H    6.2705380   -0.4857584    9.3933896  
 C   10.9724826    3.0965203    6.2945276 
 H   10.8565724    2.4839123    5.3889429 
 C   10.6772940    4.5529280    5.8953495  
 H    9.6552325    4.6391180    5.4939633   
 H   11.3828039    4.8904225    5.1217005  
 H   10.7693500    5.2258548    6.7613809  
 C   12.4166999    2.9273456    6.7917003  
 H   12.6193462    3.5597040    7.6685702  
 H   13.1266315    3.2190015    6.0041386  
 H   12.6242346    1.8849959    7.0735174  
 N    8.3191025    0.9773495    3.5620277   
 N    8.9000276    1.1909485    5.6276879   
Ni    7.2693903    3.4297180    4.8286251  
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2.7 Electrochemical Measurements 
Conventional cyclic voltammetry (CV) was performed in a pre-dried air-tight single-compartment 
cell connected to a Metrohm Autolab PGSTAT302N potentiostat.  The cell was equipped with a 
Pt microdisc (0.14 mm2) working electrode carefully polished with a 25-µm diamond paste, a Pt 
coil auxiliary electrode and an Ag coil pseudoreference electrode.  The solutions of the studied 
complexes were prepared under an atmosphere of dry argon in THF freshly distilled from 
Na/benzophenone. The supporting electrolyte, tetrabutylammonium hexafluorophosphate 
(TBAH, 10–1 mol dm–3) was recrystallized twice from absolute ethanol and dried overnight in 
vacuo at 80 ºC. All redox potentials are reported against the ferrocene/ferrocenium (Fc/Fc+) redox 
couple used as an internal standard; v = 100 mV s-1.   
Controlled-potential electrolyses within the OTTLE cell21 were carried out using a PA4 
potentiostat (Laboratory Devices, Polná, Czech Republic).  The concentrations of the dinuclear 
complexes and TBAH used in these measurements were ca. 5×10–4 and 3×10–1 mol dm–3, 
respectively. The UV/Vis spectra were obtained using the Scinco S3100 diode array 
spectrophotometer. The different redox steps were localized with the aid of the contemporarily 
recorded thin-layer cyclic voltammograms. 
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Figure S7: Spectroelectrochemical analysis of compounds 1−3: a) Anodic step 1→1+ monitored in the UV/Vis region; 
b) reverse cathodic step 1+→1; c) anodic step 2→2+; d) reverse cathodic step 2+→2; e) anodic step 3→3+; f) reverse 
cathodic step 3+→3. Note the intense absorption band of 3+ at 435 nm, which is absent in the UV/Vis spectra of the 












Figure S8: Cyclic voltammograms of compounds 1 (top), 2 (centre), 3 (bottom). Conditions: see above. 
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3.1 Introduction 
The chemistry of nickel(I) has undergone a significant resurgence in recent years, taking it from 
an oxidation state of proposed (but largely unsubstantiated) importance in catalytic cycles1 to one 
that can now be more thoroughly investigated in relation to both stoichiometric and catalytic 
transformations.2 A significant portion of the very latest work has employed N-heterocyclic 
carbene (NHC) ligands in efforts to prepare highly reactive two- and three-coordinate Ni(I) 
species, a number of which are shown in Scheme 1. Thus, use of the N-aryl NHCs IMes (1,3-
bis(2,4,6-trimethylphenyl)imidazolin-2-ylidene) and IDipp (1,3-bis(2,6-diisopropylphenyl)-
imidazolin-2-ylidene) has allowed the formation of three-coordinate bis-NHC halide complexes 
(A) with applications in catalytic C-C bond formation.3 In pioneering studies, the Hillhouse group 
and, more recently, Tilley and coworkers showed that the commonly employed 5-membered 
imidazolin-2-ylidene ligand IDipp was sufficiently bulky to stabilize even two-coordinate mono-





Scheme 1. Selected examples of mononuclear nickel(I) NHC complexes. Ar = Dipp (2,6-iPr2C6H2), X = Cl; Ar = 2,4,6-
Mes (Me3C6H2), X = Cl, Br, I; R1 = R2 = SiMe3; R1 = H, R2 = Dipp, dmp (2,6-Mes-C6H3), dppp (2,6-Dipp-C6H3); R3 
= CH(SiMe3)2, dmp; Ar‘ = Dipp, Mes, R4 = H; Ar‘ = Dipp, R4 = Me. 
 
Very recently, the group of Hazari and our group independently prepared a range of [CpNi(NHC)] 
complexes (D, see chapter 2) and indenyl (Ind) analogues again employing IDipp and IMes (as 
well as the saturated analogue SIDipp) upon reduction of either the half-sandwich precursors 
[CpNiCl(NHC)] or by reacting Sigman’s dimer [Ni(NHC)(µ-Cl)]2 with NaCp or LiInd, 
respectively.5,6 As an alternative to the use of sterically encumbered 5-membered ring NHCs, 
Whittlesey’s group employed ring-expanded NHCs (RE-NHCs), a generic name for N-
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heterocyclic carbene ligands with ring sizes of 6−8,7 for the synthesis of a range of complexes of 
the composition [NiBr(RE-NHC)(PPh3)].8,9 Treatment of the six-membered N-mesityl derivative 
E with one equivalent of 6-Mes led to formation of the highly unusual two-coordinate Ni(I) salt, 
[Ni(6-Mes)2]Br (F).10  
An attractive feature of RE-NHCs is that they are open to electronic manipulation through 
alterations at the backbone ring positions.11 One particular approach is to incorporate heteroatom 
substituents, for example in diamidocarbenes (DACs), which contain C=O groups adjacent to the 
nitrogen atoms.12 While 6-Mes and 6-MesDAC are essentially isostructural, the electronic 
properties of the diamidocarbene are altered significantly with enhanced pi-acceptor capabilities.13 
Herein, we compare and contrast the impact of the ring-expanded diaminocarbenes 6-Mes and 7-
Mes with that of 6-MesDAC on the structural and electronic properties of [CpNi(NHC)] 
complexes, as well as the reactivity toward white phosphorus (P4). To this end, we have prepared 
the three new complexes 1−3, which feature the NHCs 6-Mes, 7-Mes, and 6-MesDAC. The 
molecular structures of these complexes are reported based on X-ray crystallography, and the 
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3.2. Results and Discussion 
Complexes 1Br−3Br were synthesized according to Scheme 2 by reacting the ring-expanded 
NHCs 6-Mes, 7-Mes and 6-MesDAC with an equimolar amount of [CpNiBr(PPh3)]. 1H and 
31P{1H} NMR spectroscopy showed that the phosphine ligand is readily replaced by the σ-
donating carbenes within two hours. Complexes 1Br−3Br are highly soluble in benzene, toluene 
and tetrahydrofuran, but effectively insoluble in n-hexane; they were isolated in moderate yields 




Scheme 2. Preparation of the nickel(II) bromide precursors 1Br−3Br and their reduction to the nickel(I) compounds 
1−3. 
 
Reduction of 1Br−3Br with KC8 in toluene (Scheme 2) afforded the Ni(I) complexes 1−3 in 
44−46% yield upon crystallization from toluene at low temperature. Similarly, their nickel(II) 
bromide precursors 1−3 dissolve well in THF, toluene, benzene, but not in n-hexane. 
Single-crystal X-ray diffraction revealed coordination of nickel by a Cp ligand and the carbene 
(Figure 1), and slightly bent structures in agreement with the previously described Ni(I) 
derivatives of type D (see chapter 2), featuring Arduengo type NHCs based on 5-membered 
rings.5,6 The Cp
 
ligand in 1−3 shows an η5-coordination analogous to D. In this context, it is 
noteworthy that complex 3 features disorder of the cyclopentadienyl metal fragment over two 
similar positions (relative occupancies 58:42) with respect to the NHC ligand (Figure 1, bottom). 
The Ni(1)-C(1) distance of 3 (1.816(2) Å for the major component and 1.835(2) Å for the minor 
component of the disordered structure) is slightly shortened compared to the diaminocarbene 
derivatives 1 and 2 (1: 1.87430(9) Å; 2: 1.87586(9) Å). This is presumably due to enhanced 
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Figure 1. Solid-state molecular structures of [CpNi(6-Mes)] (1, left top), [CpNi(7-Mes)] (2, right top) and [CpNi(6-
MesDAC)] (3,bottom). The hydrogen atoms are omitted for clarity. Thermal ellipsoids are drawn at 40% level. 
Selected bond lengths [Å] and angles [°]: 1: Ni1−C5 2.11225(9), Ni1−C6 2.13215(8), Ni1−C7 2.17511(6), 
Ni1−C8 2.19406(7), Ni1−C9 2.17212(8), Ni1−C10 2.77024(7); 2: Ni1−C6 2.17406(8), Ni1−C7 2.18479(8), 
Ni1−C8 2.17868(8), Ni1−C9 2.13799(11), Ni1−C10 2.13107(10), Ni1−C20 2.60559(9); 3: Ni1−C7 2.11(2) 
(2.19(1)), Ni1−C8 2.085(8) (2.176(6)), Ni1−C9 2.09(2) (2.153(9)), Ni1−C10 2.230(7) (2.095(5)), Ni1−C11 
2.26(1) (2.098(6)), Ni1−C12 2.666(2) (2.663(2)); bond lengths and angles of the second, disordered part are 
given in parenthesis. 
 
The structures of 1−3 are bent with C(1)−Ni−Cpcentroid angles (for 1 159.1481(13)°), for 2 
160.565(3) Å, and for 3 161.1(3)/160.4(2) Å) significantly larger than in CpNi(IDipp) (D1) and 
CpNi(IMes) (D2) (154.3(1) and 152.0(1)° respectively), but smaller than in the 
pentamethylcyclopentadienyl analogue, [Cp*Ni(IDipp)] (D3) (164.8(1)°) (see chapter 2).5,6 For 
D1−D3, the Ni−Cipso distances were all > 3 Å (D1: 3.2438(11), D2: 3.40853(3), D3: 3.14599(4) 
Å), which is only slightly smaller than the sum of the van der Waals radii of nickel and carbon 
(3.67 Å). In contrast, the corresponding distances in 1−3 are significantly smaller (1: 2.77024(7); 
2: 2.60559(9); 3: 2.666(2)/2.663(2) Å), most likely as a result of the increased N-C-N angles of 
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Table 1. Selected bond lengths [Å] and angles [°]. 
 1 2 3a) 
Ni1−C1 1.87430(9) 1.87586(9) 1.816(2) (1.835(2)) 
N1−C1 1.35533(3) 1.35821(4) 1.386(2) 
N2−C1 1.34984(3) 1.35275(5) 1.379(2) 
Ni1−Cp(centr.) 1.78779(9) 1.79507(8) 1.792(4) (1.768(3)) 
C1−Ni1−Cp(centr.) 159.15(1) 160.565(3) 161.1(3) (160.4(2)) 
Ni1−C1−N1 114.61(1) 111.006(3) 110.5(1) (133.7(1)) 
Ni1−C1−N2 128.67(1) 130.849(3) 134.1(1) (110.92(1)) 
N1−C1−N2 116.69(1) 118.075(3) 115.38(1) 
a) bond lengths and angles of the second part of the disordered molecule are given in parenthesis. 
 
The room temperature 1H NMR spectra of 1−3 (C6D6) showed broad signals in the range of 15.5 
to −52.4 ppm, which could partially be assigned based on their intensity and comparison of the 
1H NMR patterns of related complexes.5,9 The η5-coordinated Cp ligands in 1 and 2 gave rise to 
low frequency shifted resonances (−47.7 and −52.4 ppm, respectively) similar to those observed 
in D1 and D2 (−40.7 and  −38.2  ppm, respectively), whereas in the case of 3, signals in the range 
15.5 to 1.3 ppm were observed (in the range −150 to +150 ppm). Due to partial overlap of the 
signals further assignments were not possible. Nonetheless, the presence of four signals in case 
of 1, five signals for 2, and four signals for 3 in the 1H NMR spectra indicates high symmetry 
structures present in solution. The solution magnetic moments (Evans method)14 of 1 (1.8(1) µB), 
2 (1.9(1) µB), and 3 (1.9(1) µB) are consistent with the presence of a single unpaired electron. 
Compounds 1 and 2 feature intense absorption maxima in the UV/Vis spectra (342, 368, 418 nm 
for 1; 377 and 446 nm for 2). Similar spectra were observed for D1−D3 (chapter 2, SI), exhibiting 
yellow to orange colors in solution and the solid-state. In contrast, the UV/Vis spectrum of 3 
shows intense absorptions at 313, 442 and 592 nm in agreement with the dark green color of the 
compound in solution and the solid-state, and moreover, indicating a distinct electronic structure 
as compared to 1 and 2. 
In order to get further insight into the electronic structure of the nickel(I) radicals 1−3, we 
performed DFT calculations (B3LYP/def2-TZVP level; see experimental section for details). The 
optimized structures agree well with those obtained from the X-ray analysis. According to a 
Löwdin population analysis (reduced atomic orbital populations), the spin density is mainly 
located on the metal (1: 88%, 2: 93%, and 3: 94%) and shows a similar asymmetric shape slightly 
pointing toward one ipso-C of the NHC’s mesityl substituent for all complexes in agreement with 
complexes D.5,6 Hazari and coworkers considered a weak interaction between the Ni and one ipso-
C of the NHC’s aryl substituent due to the asymmetric spin density pointing to this carbon atom. 
However, their NBO analysis did not confirm this assumption. 
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Figure 2. SOMO of complexes 1 (a), 2 (c), and 3 (e) and spin density plots of 1 (b), 2 (d), and 3 (f). 
  
We were interested how the different steric and electronic properties of the RE-NHCs affect the 
reactivity of the new nickel(I) complexes. As complexes D1 and D2 (see chapter 2) react with 
white phosphorus (P4) in a very selective fashion to form the dinuclear nickel(II) complexes with 
bridging “butterfly” P4 ligands G1 and G2 (Scheme 3 in chapter 5), we decided to explore the 
reaction behavior of 1 − 3 with P4 in order to probe the effect of the different NHC ligands.5 
 
 
Scheme 2. Comparison of the reactivity toward white phosphorus of D1 and D2 with complex 1. 
 
The reaction of two equivalents of 1 with P4 led to a main species with two 31P{1H} NMR triplets 
at −312.4 and −56.9 ppm with a 1JPP coupling constant of 1JPP = 193 Hz in the spectrum (Figure 
2, top). This pattern indicates the formation of complex [{CpNi(6-Mes)}2(µ-η1:η1-P4)] (4), 
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analogous to G1 and G2. Furthermore, the reaction proceeds instantaneously even at −35 °C in a 
similar manner as observed for complexes G1 and G2. 
 
Figure 2. 31P{1H} NMR spectrum (THF-d8, 300 K, 200 MHz) of the reaction of 1 with 0.5 equivalent of P4 (top) and 
31P{1H} NMR spectrum (C6D6, 300 K, 200 MHz) of the reaction of 2 with excess P4 (top). 
 
Interestingly, the 31P{1H} NMR spectrum of the reaction of 2 with an excess of P4 showed the 
presence of a mixture of products, one giving rise to an A2X2 spin system (−303.7 (t) and −54.4 
(t) ppm in the ratio of 1:1 with a 1JPP coupling constant of 1JPP = 194 Hz, ca. 37% of the sum of 
all integrals), which probably corresponds to complex 5. The four multiplets (poorly resolved) at 
−326.1, −315.8, −142.2, and −89.6 ppm in an 1:1:1:1 ratio, indicate the presence of another 
compound with an ABMX spin system. Additional low-intensity signals were observed at −321.2 
and −89.6 ppm (Figure 2, bottom), which could not unambiguously be assigned. 
 
 
Scheme 3. Reaction of 2 and 3 toward white phosphorus. 
 
In marked contrast, no conversion was observed in either C6D6 or THF-d8 after one day for the 
reaction of one equivalent of 3 with P4 (Scheme 3). Heating the solution resulted in partial 
Chapter 3. Half-Sandwich Ni(I) Complexes of Ring-Expanded N-Heterocyclic Carbenes 
70 
decomposition of 3 to unidentified products as indicated by 1H NMR spectroscopy; the 31P{1H} 
NMR spectrum only showed the signal of free P4. 
 
3.3 Conclusion 
In summary, we described the synthesis of three new cyclopentadienyl nickel(I) NHC 
complexes 1−3, featuring the ring-expanded carbenes 6-Mes and 7-Mes and the 
diamidocarbene 6-MesDAC, via the reduction of the corresponding nickel(II) bromides 
with potassium graphite. Due to the larger N−C−N angle of the carbenes, the molecular 
structures of 1−3 feature slightly increased C(1)−Ni−Cpcentroid angles compared to the 
cyclopentadienyl and indenyl complexes D, and smaller angles as against the 
pentamethylcyclopentadienyl derivative D3. Overall, the influence of replacing a five-
membered ring (Arduengo) carbene by a ring-expanded NHC or diamidocarbenes on the 
molecular structure seems to be less than expected: 1−3 show a similar structure motif with 
larger C(1)−Ni−Cpcentroid angles in comparison with complexes of type D.5,6 In addition, the 
electronic structure of compounds 1−3 features similar contribution of the metal center against 
complexes D. Nonetheless, complex 3 exhibits a distinct UV/Vis and 1H NMR spectrum as 
compared to D1, D2, D3, 1, and 2. Furthermore, compound 3 showed no reactivity toward P4 in 
marked contrast to complexes D1, D2, 1, and 2, which readily react with P4 even at low 
temperatures. 31P{1H} NMR spectroscopy indicates the formation of the dinuclear species 4 with 
a “butterfly”-P4 ligand in the reaction of 1 with P4. In contrast, the reaction of 2 with excess P4 
resulted in a mixture of 5 and unidentified products. 
These results indicate the presence of a distinct electronic structure of compound 3 in comparison 
with 1 and 2. Further investigations by EPR and ENDOR spectroscopy are ongoing to confirm 
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3.4 Supporting Information (SI) 
3.4.1 General Procedures 
All manipulations were performed under an atmosphere of dry argon using standard Schlenk line 
or glovebox techniques and employing dried and degassed solvents. NMR spectra were recorded 
on Bruker Avance 500 and 400 spectrometers at 298 K and internally referenced to residual 
solvent resonances. UV/Vis spectra were recorded on a Varian Cary 50 spectrophotometer. 
Elemental analyses were determined by Elemental Microanalysis Ltd, Okehampton, Devon, UK. 
6-Mes, 7-Mes, 6-MesDAC and CpNiBr(PPh3) were prepared according to literature 
procedures.7a,15  
 
3.4.2 [CpNiBr(6-Mes)] (1Br)  
A benzene solution (3 mL) of 6-Mes (333 mg, 1.04 mmol, 1.05 eq) was added to a benzene 
solution (3 mL) of [CpNi(PPh3)Br] (489 mg, 0.990 mmol) and the mixture stirred at room 
temperature for 2 h. The solvent was removed in vacuum and the residue was washed with hexane 
(3 x 10 mL) and extracted with toluene (20 mL). After filtration, the solution was concentrated to 
ca. 5 mL. A purple microcrystalline powder of 1Br formed after adding hexane (15 mL) to the 
solution. The crystals were isolated and dried in vacuo. Yield 356 mg (69%). Single crystals 
suitable for X-ray diffraction were formed by diffusion of hexane into a concentrated toluene 
solution of 1Br. 1H NMR (C6D6, 300 K, 400 MHz) δ /ppm = 1.14 (dt, 3JHH = 4.3 Hz, 1JHH = 
13.3 Hz, 1H, NCH2CH2), 1.64 (m, 1H, NCH2CH2), 1.91 (s, 6H, o-CH3), 2.19 (s, 6H, p-CH3), 2.61 
(m, 2H, NCH2CH2), 2.72 (m, 2H, NCH2CH2), 2.79 (s, 6H, o-CH), 4.56 (s, 5H, Cp), 6.81 (s, 2H, 
m-CH), 6.99 (s, 2H, m-CH); 13C{1H} NMR (C6D6, 300 K, 100 MHz) δ/ppm = 18.3 (o-CH3), 21.0 
(NCH2CH2), 21.1 (p-CH3), 21.1 (o-CH3), 47.0 (NCH2CH2), 93.8 (Cp), 128.7 (m-CH), 131.1 (m-
CH), 135.0 (p-C), 137.6 (o-C), 138.1 (o-C), 145.2 (i-C), 203.0 (NCN); anal. calcd. (%) for 
C27H33BrN2Ni·0.25(C7H8) (547.21): C 63.11, H 6.45, N 5.12; found C 63.16, H 6.37, N 5.12. 




Figure S1. 1H- (top) and 13C{1H} pendant NMR spectrum (bottom) of 1Br (C6D6, 300 K, 400/100 MHz). 
 
3.4.3 [CpNi(6-Mes)] (1) 
KC8 (97.4 mg, 0.720 mmol, 1.1 eq) was added in small portions at −35 °C to a toluene (12 mL) 
solution of 1Br (343 g, 0.655 mmol). The reaction mixture was stirred at room temperature for 
28 h and then filtered. After concentrating to ca. 5 mL, the filtrate was stored at −30 °C to yield 
yellow X-ray quality crystals of 1. Yield 127 mg (44%); 1H NMR (C6D6, 300 K, 500 MHz) δ/ppm 
= −47.7 (br s), −14.7 (br s), 7.5 (br s), 9.3 (br s), 10.8 (br s); effective magnetic moment (C6D6) 
µeff = 1.8(1) µB; UV/Vis (Et2O, λmax /nm, (εmax /L·mol−1·cm−1)): 342 (10600), 368 (11000), 418 
(9700); anal. calcd. (%) for C27H33N2Ni (444.27): C 73.00, H 7.49, N 6.31; found C 72.57, H 7.18, 
N 6.26. 
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Figure S2. 1H NMR spectrum of 1 (C6D6, 300 K, 500 MHz). The signals assigned to the minor by-product 
[CpNiH(6-Mes)] are labeled with an asterisk.5 
 
3.4.4 [CpNiBr(7-Mes)] (2Br)  
A toluene (20 mL) solution of 7-Mes (537 mg, 1.60 mmol. 1.04 eq) was added dropwise at −80 °C 
to a toluene (30 mL) solution of [CpNi(PPh3)Br] (761 mg, 1.54 mmol), and the mixture stirred at 
room temperature for 1.5 h. The solvent was removed in vacuum, and the residue washed with 
hexane (3 x 20 mL). After extraction with toluene (40 mL), the filtrate was concentrated to ca. 
15 mL. Violet crystals formed upon cooling to −16 °C. The crystals were washed with pentane 
(10 mL) and dried under vacuum. Yield 420 mg (51%). Single crystals suitable for X-ray 
diffraction were isolated from a toluene/hexane solution of 2Br. 1H NMR (C6D6, 300 K, 
400 MHz) δ/ppm = 1.15 (m, 2H, NCH2CH2), 1.88 (m, 2H, NCH2CH2), 1.94 (s, 6H, o-CH3), 2.19 
(s, 6H, p-CH3), 2.91 (s, 6H, o-CH3), 2.96 (m, 2H, NCH2CH2), 3.46 (m, 2H, NCH2CH2), 4.52 (s, 
5H, Cp), 6.81 (s, 2H, m-CH), 7.01 (s, 2H, m-CH); 13C{1H} NMR (C6D6, 300 K, 100 MHz,) δ/ppm 
= 19.1 (o-MesCH3), 21.0 (p-CH3), 21.9 (o-CH3), 24.9 (NCH2CH2), 54.8 (NCH2CH2), 94.0 (Cp), 
128.9 (m-CH), 131.3 (m-CH), 135.0 (p-C), 137.3 (o-C), 138.2 (o-C), 147.1 (i-C), 215.7 (NCN); 
anal. calcd (%) for C28H35BrN2Ni (538.20): C 62.49, H 6.56, N 5.21; found C 63.24, H 6.40, N 
5.25. 
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Figure S3. 1H- (top) and 13C{1H} pendant NMR spectrum (bottom) of 2Br (C6D6, 300 K, 400/100 MHz). 
 
 
3.4.5 [CpNi(7-Mes)] (2)  
Compound 2 was prepared by a similar procedure as 1, using KC8 (113 mg, 0.836 mmol, 1.1 eq) 
and a toluene solution(15 mL) of 2Br (409 mg, 0.760 mmol, 1.0 eq) with stirring for 18 h. After 
filtration, the filtrate was concentrated to ca. 1 mL and layered with hexane (1.5 mL) to afford 
yellow, X-ray quality crystals of 2 upon cooling to −35 °C. Yield 156 mg (46%); 1H NMR (C6D6, 
300 K, 500 MHz) δ/ppm = −52.4 (br s), −7.5 (br s), 4.9 (br s), 11.3 (br s), 12.0 (br s), 15.1 (br s); 
effective magnetic moment (C6D6): µeff = 1.9(1) µB. UV/Vis (Et2O, λmax /nm, (εmax 
/L·mol−1·cm−1)): 377 (10100), 446 (7100); anal. calcd for C28H35N2Ni (458.30): C 73.38, H 7.70, 
N 6.11; found C 72.61, H 7.31, N 5.80. 
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Figure S4. 1H NMR spectrum of 2 (C6D6, 300 K, 500 MHz). 
 
3.4.6 [CpNiBr(6-MesDAC)] (3Br)  
A benzene solution (30 mL) of 6-MesDAC (990 mg, 2.63 mmol. 1.06 eq) and [CpNi(PPh3)Br] 
(1.22 g, 2.48 mmol) was stirred at room temperature for 2 h before being reduced to dryness. The 
residue was washed with hexane (3 x 20 mL), extracted with toluene (60 mL) and filtered. The 
filtrate was concentrated to ca. 30 mL and cooled to -30 °C to yield dark brown microcrystals. 
Yield 913 mg (59%). Single crystals suitable for X-ray diffraction formed upon diffusion of 
hexane into a concentrated toluene solution of 3Br. 1H NMR (C6D6, 300 K, 400 MHz) δ/ppm = 
1.41 (s, 3H, C(CH3)2), 1.60 (s, 3H, C(CH3)2), 1.76 (s, 6H, o-CH3), 2.12 (s, 6H, p-CH3), 2.76 (s, 
6H, o-CH3), 4.53 (s, 5H, Cp), 6.70 (s, 2H, m-CH), 6.92  (s, 2H, m-CH); 13C{1H} NMR (C6D6, 
300 K, 100 MHz) δ/ppm = 18.8 (o-CH3), 18.9 (C(CH3)2), 20.9 (o-CH3), 21.0 (p-CH3), 28.5 
(C(CH3)2), 51.4 (C(CH3)2), 95.8 (Cp), 129.1 (m-CH), 131.1 (m-CH), 135.7 (o-C), 138.3 (o-C), 
139.2 (p-C), 139.4 (i-C), 168.7 (CO), 237.9 (NCN); anal. calcd for C29H33BrN2NiO2·0.2(C7H8) 
(598.62): C 61.00, H 5.83, N 4.68; found C 61.08, H 5.65, N 4.12. 
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Figure S5. 1H- (top) and 13C{1H} NMR spectrum (bottom) of 3Br (C6D6, 300 K, 400/100 MHz,). Minor signals of 
[CpNiBr(PPh3)] are labeled with an asterisk. 
 
3.4.7 [CpNi(6-MesDAC)] (3)  
As for 1, but using KC8 (47.2 mg, 0.349 mmol, 1.1 eq), a toluene (5 mL) solution of 3Br (199 g, 
0.317 mmol) and stirring at room temperature for 47 h. Dark green crystals of 3 formed after 
concentrating the filtrate to 3 mL and cooling to −30 °C. Yield 73 mg (46%). X-ray quality 
crystals were obtained by cooling a concentrated toluene/n-hexane solution to −35 °C. 1H NMR 
(C6D6, 300 K, 500 MHz): δ 1.3 (br s), 12.0 (br s), 15.5 (br s); effective magnetic moment (C6D6) 
µeff = 1.9(1) µB. UV/Vis (Et2O, λmax /nm, (εmax /L·mol−1·cm−1)): 313 (10300), 442 (31400), 592 
(9300); anal. calcd for C29H33N2NiO2 (500.29): C 69.62, H 6.65, N 5.60; found: C 69.74, H 6.52, 
N 5.60. 
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3.4.8 X-ray Crystallography 
The Data for 1−3 and 1Br−3Br (Table S1) were collected using an Agilent SuperNova 
diffractometer with microfocus Cu Kα radiation (λ = 1.54184 Å). Empical multi-scan16 were 
applied to the data. Using Olex217, the structures were solved with SHELXT18 and least-square 
refinements on F2 were carried out with SHELXL.19 
 
 
Figure S7. X-ray structures of [CpNiBr(6-Mes)] (1Br, top left), [CpNiBr(7-Mes)] (2Br, top right) and [CpNiBr(6-
MesDAC)] (3Br, bottom). Ellipsoids are shown at the 30% level with all hydrogen atoms removed for clarity. Selected 
bond lengths (Å) and angles (°) for 1Br: Ni(1)-C(1) 1.90821(1), Ni(1)-Br(1) 2.33480(1), Ni(1)-C(1)-N(1) 122.0964(5), 
Ni(1)-C(1)-N(2) 120.7691(4). 2Br: Ni(1)-C(1) 1.900991(9), Ni(1)-Br(1) 2.327934(9), Ni(1)-C(1)-N(1) 119.4368(2), 
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Table S1. Crystallographic data of 1−3 and 1Br−3Br. 
Compound 1 2 3 
Empirical formula  C27H33N2Ni  C28H35N2Ni  C29H33N2NiO2  
Formula weight  444.26  458.29  500.28  
Temperature [K]  150(1)  150(1)  150(1)  
Crystal system  monoclinic  triclinic  orthorhombic  
Space group  P21/n  P-1  Pbcn  
a [Å]  9.0299(2)  9.0066(3)  26.0692(4)  
b [Å]  30.5459(7)  9.4373(3)  9.07493(17)  
c [Å] 9.5199(2)  15.9678(5)  21.6239(4)  
α [°]  90  100.212(3)  90  
β [°]  117.041(3)  93.339(3)  90  
γ [°]  90  113.601(3)  90  
Volume [Å3] 2338.79(12)  1211.38(7)  5115.70(16)  
Z  4  2  8  
ρcalc [g/cm3] 1.262  1.256  1.299  
µ [mm−1] 1.292  1.262  1.305  
F(000)  948.0  490.0  2120.0  
Crystal size [mm3] 0.2044 × 0.1321 × 0.0817  0.194 × 0.0941 × 0.0862  0.1192 × 0.0946 × 0.0612  
Radiation  CuKα (λ = 1.54184)  CuKα (λ = 1.54184)  CuKα (λ = 1.54184)  
2Θ range for data collection [°]  10.828 to 143.898  10.778 to 144.074  8.178 to 143.998  
Index ranges  −10 ≤ h ≤ 11, −35 ≤ k ≤ 37, −11 ≤ l ≤ 10  
−11 ≤ h ≤ 11, −9 ≤ k ≤ 11, 
−19 ≤ l ≤ 19  
−24 ≤ h ≤ 32, −10 ≤ k ≤ 
11, −26 ≤ l ≤ 25  
Reflections collected  14915  11545  25391  
Independent reflections  4567 [Rint = 0.0345,  
Rsigma = 0.0364]  
4745 [Rint = 0.0210,  
Rsigma = 0.0263]  
5016 [Rint = 0.0378,  
Rsigma = 0.0264]  
Data / restraints / parameters  4567/0/277  4745/0/286  5016/150/369  
Goodness-of-fit on F2  1.036  1.060  1.018  
Final R indexes [I>=2σ (I)]  R1 = 0.0365,  
wR2 = 0.0939  
R1 = 0.0358,  
wR2 = 0.0929  
R1 = 0.0372,  
wR2 = 0.0981  
Final R indexes [all data]  R1 = 0.0409,  
wR2 = 0.0979  
R1 = 0.0377,  
wR2 = 0.0946  
R1 = 0.0483,  
wR2 = 0.1052  










Chapter 3. Half-Sandwich Ni(I) Complexes of Ring-Expanded N-Heterocyclic Carbenes 
80 
Compound 1Br 2Br 3Br 
Empirical formula  C122H148Br4N8Ni4  C28H35BrN2Ni  C32.5H37BrN2NiO2  
Formula weight  2280.96  538.20  626.26  
Temperature [K]  150(1)  150(1)  123(1)  
Crystal system  monoclinic  orthorhombic  monoclinic  
Space group  P21/c  Pbcn  I2/a  
a [Å]  17.20713(12)  9.03948(5)  25.7479(4)  
b [Å]  16.17350(11)  17.10755(11)  8.52911(12)  
c [Å] 39.3886(3)  32.28154(17)  27.6462(4)  
α [°]  90  90  90  
β [°]  99.8316(7)  90  104.1525(15)  
γ [°]  90  90  90  
Volume [Å3] 10800.84(14)  4992.12(5)  5887.03(15)  
Z  4  8  8  
ρcalc [g/cm3] 1.403  1.432  1.413  
µ [mm−1] 2.914  3.116  2.780  
F(000)  4752.0  2240.0  2600.0  
Crystal size [mm3] 0.1618 × 0.1404 × 0.0799  0.0927 × 0.0817 × 0.0596  0.3973 × 0.1538 × 0.0698  
Radiation  CuKα (λ = 1.54184)  CuKα (λ = 1.54184)  CuKα (λ = 1.54184)  
2Θ range for data collection [°]  8.144 to 143.944  10.342 to 143.938  7.082 to 147.354  
Index ranges  −16 ≤ h ≤ 20, −19 ≤ k ≤ 19, 
−47 ≤ l ≤ 48  
−11 ≤ h ≤ 11, −21 ≤ k ≤ 
19, −39 ≤ l ≤ 39  
−31 ≤ h ≤ 30, −10 ≤ k ≤ 7, 
−29 ≤ l ≤ 34  
Reflections collected  83250  152563  13703  
Independent reflections  21050 [Rint = 0.0366,  
Rsigma = 0.0360]  
4902 [Rint = 0.0339,  
Rsigma = 0.0084]  
5732 [Rint = 0.0222,  
Rsigma = 0.0240]  
Data / restraints / parameters  21050/210/1333  4902/0/295  5732/224/428  
Goodness-of-fit on F2  1.046  1.087  1.071  
Final R indexes [I>=2σ (I)]  R1 = 0.0372,  
wR2 = 0.0828  
R1 = 0.0321,  
wR2 = 0.0770  
R1 = 0.0272,  
wR2 = 0.0687  
Final R indexes [all data]  R1 = 0.0432,  
wR2 = 0.0859  
R1 = 0.0331,  
wR2 = 0.0777  
R1 = 0.0305,  
wR2 = 0.0766  
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3.4.5 DFT: Cartesian Coordinates of 1, 2, and 3  
The calculations on 1,2, and 3 were performed using the ORCA program package (version 
3.0.2.).20 The B3LYP density functional and the Ahlrichs def2-TZVP basis set were employed 
for all atoms.21,22 The RI approximation was used.23 Ahlrichs Coulomb fitting basis for the TZVP 
basis for all atoms (TZV/J) and atom-pairwise dispersion correction to the DFT energy with 
Becke-Johnson damping (d3bj) were applied.24 The nature of the stationary points were verified 
by a numerical frequency analysis. 
 
1: 
Energy = -2666.344372988211 Hartree 
 
  Ni  2.85323933044113     11.38353834187062      3.51813891674195 
  N   3.70113374842127     10.81480970744743      6.07842249375389 
  N   5.16684448119229     12.28739882902952      5.08300542416566 
  C   4.05159198484180     11.53814183304388      4.98982471533825 
  C   4.41959373518532     10.80613616738935      7.34963606004214 
  H   5.14350005466533      9.98204170804735      7.37951877956847 
  H   3.69907316401709     10.62928802871856      8.14932516019543 
  C   5.12866940478096     12.14026289499887      7.52700895667538 
  H   4.38445941055771     12.93032864946295      7.65297502851515 
  H   5.75823285720556     12.12724115871034      8.41775380466504 
  C   5.97418980455079     12.42854510525461      6.29715163622433 
  H   6.36732115408170     13.44542352145403      6.32585086633803 
  H   6.83451143926021     11.74965557920099      6.25924910706667 
  C   1.42246466697468     10.80950672860242      1.98796276039335 
  H   0.77569184106160      9.95673435908969      2.12441688861322 
  C   1.12986130553982     12.14882177147231      2.37718148521945 
  H   0.22520449676772     12.48642442036128      2.85811991487770 
  C   2.23271630489301     12.95721344067492      2.00153990688495 
  H   2.33039914969769     14.01834772523720      2.16670238808858 
  C   3.19972152504509     12.12289615946274      1.38305636699896 
  H   4.15897356502498     12.44377089114192      1.01310309190813 
  C   2.69651930787131     10.79888964162575      1.35782530226955 
  H   3.19018876788147      9.93840560707989      0.93454991874982 
  C   2.56835630553591      9.95218372802136      5.89943204689586 
  C   1.30057661254986     10.39334110274824      6.29873772032015 
  C   0.20664248786569      9.57284588890455      6.04387775140423 
  H   -0.78193039649305      9.91252347265821      6.33278421278205 
  C   0.34557669709897      8.34888707039383      5.39086006433824 
  C   1.62009232492177      7.93794316919640      5.01544573915511 
  H   1.74209859152754      6.99524058109731      4.49472200410270 
  C   2.74584070415782      8.72100644079276      5.25850907912633 
  C   1.12711642334620     11.75762426050335      6.90865270414488 
  H   1.75180923365293     11.89714596816121      7.79362209439725 
  H   0.09024473389592     11.92569186782453      7.19883545766778 
  H   1.41359840853940     12.52608940484228      6.18689904590499 
  C   -0.86110417175513      7.50164452148638      5.08472142637542 
  H   -1.26440318098705      7.03947023269793      5.99028177689400 
  H   -0.61462647726469      6.70226170090721      4.38602420847740 
  H   -1.65868609277112      8.10202472568599      4.64249376751152 
  C   4.10278444789861      8.28835084758441      4.77607797427184 
  H   4.44689783221330      8.95856082682867      3.98647306375055 
  H   4.06872278116675      7.27637008933729      4.37341983425193 
  H   4.84803484916956      8.31774813792066      5.57315793587626 
  C   5.59936022192196     12.97359204782570      3.89932155823593 
  C   5.10692518567309     14.25311454125373      3.63894636795833 
  C   5.45183978302896     14.86389774259994      2.43601273959179 
  H   5.03643420052553     15.83854911716843      2.20627379282782 
  C   6.27488365761569     14.23256636430636      1.50857005653142 
  C   6.77964355836859     12.97241777095935      1.81881532784225 
  H   7.41429384595060     12.46477767578755      1.10098017642739 
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  C   6.44376580875558     12.31922716526624      2.99980227877172 
  C   4.16235902329961     14.91353110449617      4.60287635928803 
  H   3.32367445758877     14.25128890605444      4.82391189991387 
  H   3.76654622868603     15.84031569825057      4.18777951685542 
  H   4.65622227478818     15.15129908339143      5.54975454527546 
  C   6.55512409393863     14.84257250627763      0.16140348188150 
  H   6.01055349547386     14.30294341795778     -0.61819095881208 
  H   7.61676367534341     14.78791712408206     -0.08954169450509 
  H   6.24180318904019     15.88620251723738      0.12062270790341 
  C   6.88149531549056     10.89984878873744      3.23006604209358 
  H   7.15396860313013     10.70709617103880      4.26776835329721 
  H   7.73404733168922     10.64929977407831      2.59934502210420 
  H   6.06389243546373     10.21962617626152      2.97900554557529 
 
2: 
Energy = -2705.637034391495 Hartree 
 
 Ni  -0.86303672994093      3.31483254588138      3.61630133845884 
  N   1.17577368176324      5.12251084396969      3.39077649739676 
  N   -0.31194251276918      5.81908474370631      5.05218844717771 
  C   0.02972332911940      4.92705827350968      4.09769865997464 
  C   -1.58774749193602      5.61014668225753      5.68171017090758 
  C   1.49741505773664      4.00045819099065      2.54434441058049 
  C   -2.92493550670683      4.55060592049461      7.36420142758205 
  H   -2.99518709500927      3.91540253576439      8.24028143052521 
  C   -1.66554371032980      4.83660267900449      6.84159429505138 
  C   -2.27160694785098      2.01742452659558      4.89478585656643 
  H   -2.42502789442931      2.14308187718887      5.95367233143130 
  C   -2.73549309309548      6.11501469000684      5.06641672557749 
  C   -1.42237912173976      1.35011422768272      2.87273882584663 
  H   -0.81530592925481      0.86599114721098      2.12429507741068 
  C   0.96041070497728      3.92433470896451      1.25297094940652 
  C   1.97616993834378      6.34820412573372      3.19866083726857 
  H   2.37203241479607      6.28662540593593      2.18507594255779 
  H   2.84409235153749      6.35310006560414      3.86756034351975 
  C   2.49130786251531      1.83267600440070      2.28647142799456 
  H   3.07076721562970      1.01346222652078      2.69728689563854 
  C   2.27849650858920      2.96064966483596      3.06790696994987 
  C   -4.09001311212515      5.00653091047411      6.75483915981966 
  C   -1.27955489932237      1.21184526993874      4.27942063953690 
  H   -0.54906542414242      0.60058767743232      4.78523059308353 
  C   -2.51190721010800      2.23083349512062      2.62063268118988 
  H   -2.88826146496855      2.51443497714602      1.65046099205994 
  C   -0.42736154601616      4.24107565846391      7.45023205920461 
  H   0.10429915883899      3.64651284872529      6.70429631432701 
  H   -0.67889881347724      3.59207864611489      8.28786055655342 
  H   0.26284768067923      5.00442550163665      7.81555027937493 
  C   -3.97312412439181      5.80865118208904      5.62215636284795 
  H   -4.87029514496867      6.17816087696874      5.13778443947695 
  C   -3.03069933739302      2.64560788095725      3.87383675532571 
  H   -3.84728241671500      3.33158649568991      4.02963642766140 
  C   1.19357354897432      2.76747996158182      0.50918097240979 
  H   0.73985723933417      2.67967982239232     -0.47135545413678 
  C   1.93707852080131      1.70699098837231      1.01343132420613 
  C   0.11224790054615      5.03473293990917      0.69412585952394 
  H   -0.64700811905686      5.33822455545579      1.41446736038886 
  H   -0.39402885462816      4.71006405236706     -0.21438752879112 
  H   0.71162146211939      5.91622153882312      0.44931237608349 
  C   2.79785226973254      3.02713949990959      4.47580755461786 
  H   3.25431612529246      3.99212491054231      4.69909285021939 
  H   3.53793987783296      2.24736818042358      4.65245612592992 
  H   1.97698295477392      2.88572976552096      5.18302442992077 
  C   1.17157580660933      7.63607346941115      3.34697885990491 
  H   0.23622566043512      7.51757589597057      2.79823342446435 
  H   1.71835591067173      8.44641259252246      2.86012222654454 
  C   0.62648130487885      6.77153424770199      5.65857458209699 
  H   1.56669480343360      6.24667592541685      5.84699838225629 
  H   0.22178475393168      7.05973552983775      6.62681866909211 
  C   0.88028755913583      8.00702242147357      4.80340632598479 
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  H   1.72595192341755      8.55106346440193      5.23405528128254 
  H   0.02016352232848      8.67846203754997      4.85153652450643 
  C   -5.44594881829250      4.57972179554047      7.24788382908820 
  H   -5.82434876091395      3.75165658628269      6.64199022675863 
  H   -6.17168928568219      5.39150677654113      7.17551284324172 
  H   -5.41106459460382      4.23572575023880      8.28262461701838 
  C   -2.64179498573269      6.89967235470298      3.78731611342342 
  H   -1.97251884981086      7.75585973044957      3.88312640599376 
  H   -3.62210548407742      7.26643435537999      3.48357475470252 
  H   -2.24843471898286      6.26483568852261      2.99028014400936 
  C   2.11285148589408      0.43490000717526      0.22776951278441 
  H   3.14891174724039      0.29891426433035     -0.09389851077011 
  H   1.48379442512765      0.42986145048824     -0.66231939199813 
  H   1.84363729143420     -0.43185306625330      0.83558318795799 
 
3: 
Energy = -2893.040739977326 Hartree 
 
  O   9.68473565683584      3.57082250238929      4.93023195970562 
  O   7.30472673051750      6.78672357109815      7.38471312891074 
  N   10.03326622018347     3.82257936492834      7.16026796663044 
  N   8.78068133275408      5.37529580975101      8.37179742057943 
  C   9.71822419466432      4.36174361137723      8.37577258041669 
  C   9.49222726719899      4.21645981968341      5.93434021139432 
  C   8.74098742497773      5.54016530815246      5.91669010639115 
  C   8.17741802359826      5.95474885898264      7.26755156679828 
  C   7.62619425707653      5.48891677260425      4.87056765701061 
  H   8.04902459147925      5.22122159797718      3.90495774195299 
  H   7.13610562266179      6.45775413600691      4.81048191848914 
  H   6.87744854141292      4.74157024632726      5.13529935030266 
  C   9.78394947813994      6.62320794987847      5.53385473150332 
  H   10.57258274376966      6.70017848037050      6.28299493150094 
  H   9.28037752957408      7.58620520348385      5.45480662938912 
  H   10.23518240855107      6.37008352655547      4.57495253165021 
  C   10.49570346273162      1.95401676285766     11.13561800945084 
  H   9.92068255274943      1.07516234485675     10.89180966026036 
  C   11.75581070342210      2.30358096062005     10.58568029825247 
  H   12.29545410529856      1.74356909355322      9.83992990590373 
  C   12.16255453702787      3.53517796648466     11.16246360561354 
  H   13.07652112686828      4.06484202393089     10.94668992125111 
  C   11.14450098830544      3.95550687350978     12.06073412290120 
  H   11.14500408695479      4.86044516077087     12.64684043842588 
  C   10.11319425436137      2.97683019677876     12.04525787895313 
  H   9.20046812265560      3.01322236577640     12.61789276292481 
  C   10.94646670452667      2.70043830403781      7.16119009363967 
  C   12.29695354766566      2.94622818935912      6.93191302489295 
  C   13.17013918608807      1.86241270882536      6.96061781039193 
  H   14.22485290959396      2.03439612122004      6.77883243921832 
  C   12.72104108078691      0.56759845154918      7.21094611427802 
  C   11.35940887350198      0.36666941530922      7.42074258645986 
  H   10.99120815511932     -0.63603861232730      7.60426778009046 
  C   10.45171589159136      1.42105741991140      7.39884428496948 
  C   12.78974840877744      4.34179415358922      6.66987618946569 
  H   12.28599665571533      4.78317211948528      5.80841269540101 
  H   13.86000759153833      4.34499939043571      6.46646632470823 
  H   12.59935839218694      4.98795193223263      7.53036444716577 
  C   13.68361737473949     -0.58715932908489      7.27481205009454 
  H   14.55239820144160     -0.41612583678050      6.63852881010823 
  H   13.20618927966121     -1.51609277421381      6.96039331121690 
  H   14.05052347195497     -0.73441340697391      8.29517637239550 
  C   8.98786265117479      1.19279900558596      7.63566096659145 
  H   8.65319059797552      1.74514215869568      8.51567852391539 
  H   8.77954456984235      0.13590154673075      7.79784993127693 
  H   8.39377886121593      1.53126848528071      6.78412017610372 
  C   8.40963384737836      5.78380593853379      9.71145414808660 
  C   7.35937744604505      5.12101425880684     10.35267926562991 
  C   7.14555524685057      5.39317202554597     11.69914511071565 
  H   6.35543921001765      4.86505638766281     12.21987731003480 
  C   7.94809613466793      6.28970792837322     12.40055139263892 
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  C   8.93202221662249      6.98801013521373     11.70660950220727 
  H   9.54426777569072      7.71091043395602     12.23301125269778 
  C   9.18124685941273      6.75290043168538     10.35826311575400 
  C   6.49265198604397      4.14848344628165      9.60756868844060 
  H   5.87973124485994      4.67639849645320      8.87275471354498 
  H   5.83130332909031      3.61614933849589     10.28990602124900 
  H   7.09234857980359      3.41259972364640      9.07064906862834 
  C   7.79081397246237      6.45842923259813     13.88481549244631 
  H   8.45977069061481      5.77520728613392     14.41625321285379 
  H   6.77429393801829      6.23141302678044     14.20838544867681 
  H   8.04505442381216      7.47031013700838     14.20375214547823 
  C   10.24077842300559      7.51567590419749      9.61660419678669 
  H   10.96232007307759      6.83971484153496      9.15485399047649 
  H   10.78081587087092      8.17980537419828     10.29014952695962 
  H   9.79128980280113      8.12026442619766      8.82505265276396 
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4.1 Introduction 
In marked contrast to the well-developed chemistry of nickel(II) and nickel(0), well-defined 
mononuclear nickel(I) complexes are still relatively scarce,1−3 The nickel(I) NHC complex [(η5-
Cp)Ni(IDipp)] (A, Cp = cyclopentadienyl, IDipp = 1,3-bis(2,6-diisopropylphenyl)imidazolin-2-
ylidene), recently reported by Hazari and co-workers and by our group (see chapter 2), is a mono-
nuclear 17e compound with pronounced metalloradical character. Complex A reacts with the 
persistent radical TEMPO (TEMPO = 2,2,6,6-tetramethylpiperidine 1-oxyl), forming the square 
planar nickel(II) complex B with a side-on η2-coordinated TEMPO ligand and a η1-coordinated 
Cp ligand (Scheme 1).3 Furthermore, the metalloradical A is capable of reacting with sulfur, grey 
selenium, grey tellurium, and white phosphorus, giving dinuclear complexes of types C−E. 
Considerung that reductive couplings of unsaturated organyls mediated by nickel(0) complexes 
have attracted much attention,4,5 we became interested in examining the reactivity of nickel(I) 
complex A. Here, we describe the reaction behavior of A with phenyl isocyanate and phenyl 
isothiocyanate. We report the synthesis and molecular structure of [(IDipp)NiSC(NPh)N(Ph)CS] 
(1), formed by the reductive dimerization of the PhNCS molecules in the coordination sphere of 
nickel. In addition, we describe the preparation of [(IDipp)NiN(Ph)C(O)CH2CH(Ph) (3), which 
was obtained by reacting PhNCO with [(IDipp)Ni(styrene)2] (F). The synthesis of complex 3 
demonstrates the reductive coupling of PhNCO with styrene in the coordination sphere of nickel. 
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4.2 Results and Discussion 
The reaction of complex A with one equivalent of phenyl isothiocyanate in THF (Scheme 2a) 
affords complex 1 as a mixture with the known bis(cyclopentadienyl) complex [(η5-Cp)(η1-
Cp)Ni(IDipp)] (2).6 Complex 2 was identified by X-ray diffraction analysis and 1H NMR 
spectroscopy. Attempts to separate compounds 1 and 2 by fractional crystallization remained 
unsuccessful to date.  
 
Scheme 2. Synthesis of Complex 1. 
A possible reaction pathway from the nickel(I) complex A to 1 and 2 is displayed in Scheme 3. 
The reaction is likely initiated by phenyl isothiocyanate coordination, which induces a hapticity 
change of the former η5-Cp ligand to η1-coordination forming intermediate F (Scheme 2, step i). 
We could not detect this intermediate spectroscopically, but a similar η1-Cp complex, 
[(η1-Cp)Ni(η2-TEMPO)(IDipp)] (B, Scheme 1), was recently characterized.3 Subsequent to the 
formation of the proposed intermediate F, a Cp radical may transfer from F to another molecule 
of A (Scheme 3, step ii), yielding complex 2 and a zerovalent nickel species that may react with 
PhNCS to give product 1.  
 
Scheme 3. Proposed Mechanism of Formation of Complex 1 Starting from the Nickel(I) Radical A. 
In order to test whether the reaction pathway may involve nickel(0) species, we reacted the 
nickel(0) complex [(IDipp)Ni(styrene)2] (G)7 with two equivalents PhNCS. 1H NMR monitoring 
revealed that the reaction proceeds in a clean fashion, allowing complex 1 to be isolated as a pure 
solid in 47% yield (Scheme 2b).  
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Orange crystalline 1 is soluble in n-hexane, benzene, toluene, diethyl ether, and tetrahydrofuran; 
the complex was fully characterized by 1H and 13C{1H} NMR spectroscopy, UV/vis spectroscopy, 
elemental analysis, and a single crystal X-ray structure analysis (see the SI). The molecular 
structure of 1 shows that two PhNCS molecules were coupled in the coordination sphere of nickel 
with the formation of a C−N single bond (C5−N3 1.442(3) Å), resulting in a dianionic 
{SC(NPh)N(Ph)CS}2− ligand, which coordinates to the [(IDipp)Ni]2+ fragment (Figure 1). The 
nickel atom is in a planar environment (sum of angles at Ni1 359.9°) formed by the carbene ligand, 
an η1-coordinated thiolate function [C5−S2 1.763(2) Å)] and a side-on η2-coordinated 
thiocarbonyl moiety [C4−S1 1.632(2) Å]. While the Ni1−S2 distance [Ni1−S2 2.1780(5)] is 
comparable to other square planar nickel(II) thiolates,8 the Ni1−S1 distance [Ni1−S1 2.3012(6)] 
is slightly longer, consistent with side-on coordination of the thiocarbonyl moiety. 
 
 
Figure 1. Solid-state molecular structure of [(IDipp)Ni{SC(NPh)N(Ph)CS}] (1, left) and 
[(IDipp)Ni{N(Ph)C(O)CH2CHPh}] (3, right), only the (S)-enantiomer ((S)-3) is shown. The hydrogen atoms are 
omitted for clarity. Thermal ellipsoids are drawn at 40% level. Selected bond length [Å] and angles [°] 1: Ni1−S1 
2.3012(6), Ni1−C4 1.763(2), Ni1−S2 2.1780(5), Ni1−C1 1.954(2), C4−S1 1.632(2), C5−S2 1.763(2), C5−N3 1.442(3), 
N3−C4 1.328(3), N4−C5 1.268(3), S1−Ni1−C4 44.97(6), C4−Ni1−S2 83.32(6), S2−Ni1−C1 113.69(6), C1−Ni1−S1 
117.89(6), C4−N3−C6 124.06(17), C4−N3−C5 112.45(17), C5−N3−C6 122.96(16); 3: Ni1−N1 1.876(4) [1.878(4)], 
Ni1−C6 1.945(5) [1.941(5)], Ni1−C1 1.879(4) [1.877(4)], Ni1−H6 2.32(5) [2.35(6)] N1−C4 1.356(6) [1.347(6)], 
C4−O1 1.227(6) [1.238(6)], C4−C5 1.518(6) [1.515(6)], C5−C6 1.521(7) [1.524(6)], N1−Ni1−C1 164.4(2) [164.6(2)], 
C1−Ni1−C6 104.0(2) [103.3(2)], N1−Ni1−C6 86.2(2) [86.5(2)]. 
 
Furthermore, the N3−C4 bond distance [N3−C4 1.328(3) Å] is longer than the N4−C5 double 
bond [N4−C5 1.268(3) Å], presumably as a result of π-delocalization over S1, C4, and N3. 
Numerous π and σ transition metal complexes of organyl isothiocyanates are known,9 and the 
insertion of organyl isothiocyanates into transition metal heteroatom bonds is well-documented.10 
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Nonetheless, to our knowledge such a reductive dimerization of phenyl isothiocyanate in the 
coordination sphere of a transition metal has not been described in the literature.  
The 1H NMR spectrum of 1 in C6D6 (Figure S1, SI) agrees with the crystallographically-
determined structure. Two characteristic doublets at 1.07 and 1.52 ppm are assigned to the methyl 
groups of the 2,6-diisopropylphenyl (Dipp) substituents; the methine protons give rise to a septet 
at 2.83 ppm. A singlet at 6.53 ppm is detected for the protons of the imidazolin-2-ylidene 
backbone. The hydrogen atoms in meta- and para-position of the Dipp substituent and the ones 
of the phenyl groups are detected as five overlapping multiplets ranging from 6.75 to 7.37 ppm. 
The 13C{1H} NMR spectrum features two signals for the C4 and C5 atoms (Figure 1) at 171.4 and 
237.8 ppm. The carbene atom is detected at 189.9 ppm. The UV/Vis spectrum of 1 in THF shows 
two intense absorptions at 284 and 325 nm, as well as two bands in the visual region at 413 nm 
and 519 nm.  
Our results with PhNCS prompted us to investigate the reactivity of A toward PhNCO. According 
to 1H NMR monitoring, several diamagnetic species are formed in this reaction that could not be 
identified. It is interesting to note, however, that the reaction with [(IDipp)Ni(styrene)2] (G) 
affords complex 3 (Scheme  4a), which results from the coupling of PhNCO and styrene in the 
coordination sphere of nickel. The complex was isolated in 48% yield as blue crystals from 
THF/n-hexane. Complex 3 was also obtained in a lower yield of 20% when two equivalents of 
PhNCO were added. Crystalline 3 is only sparingly soluble in non-polar solvents (n-hexane, 
benzene, and toluene), but it dissolves well in THF. According to 1H NMR spectroscopy, the 
complex slowly decomposes in THF-d8 over the course of days at room temperature, forming the 
starting material, [(IDipp)Ni(styrene)2] (G) and unidentified species. 
 
Scheme 4. Synthesis of 3 from [(IDipp)Ni(styrene)2]. 
Compound 3 crystallizes in the space group P1 with two crystallographically independent 
molecules in the asymmetric unit, which represent the (R)- and the (S)-isomers. The molecular 
structure of (S)-3 is shown in Figure 2. In contrast to the reaction of [(IDipp)Ni(styrene)2] with 
phenyl isothiocycanate, one styrene ligand and one phenyl isocyanate molecule underwent a 
[2+2+1] cycloaddition, forming a γ-lactam-nickelacycle (Figure 2). The nickel(II) atom features 
a distorted T-shaped environment [C1−Ni1−C6 104.0(2)°, N1−Ni1−C6 86.2(2)°]. The nitrogen 
atom of the amide function is in a planar environment (Σangles = 358.8°). No hydrogen atom 
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appears close enough to the vacant coordination site of the metal atom for an agostic interaction, 
the closest contact being Ni1−H6 2.32(5) Å (Figure 1, right). 
A DFT optimization of the structure of 3 (BP86/def2-TZVP level, see the SI) is in good agreement 
with the XRD analysis and also indicates the absence of agostic interactions (shortest Ni−H 
distance: Ni1−H6 2.47 Å). T-shaped nickel(II) complexes, where the metal atom is purely 
surrounded by σ-donor ligands, should be electronically favored over Y-shaped molecules.9 
Nonetheless, such T-shaped nickel(II) complexes are rare and only three, “true” T-shaped three-
coordinate nickel(II) species have been described, where there is no ligand or agostic interaction 
at the fourth position of the square plane.3,12  
The 1H NMR spectrum of 3 (THF-d8, Figure S2, SI) displays one set of signals of the NHC ligand; 
a doublet at 2.82 ppm may be assigned to CH group adjacent to the nickel atom. An unusual 
feature of the spectrum is the observation of two doublets of doublets at 2.29 and −0.46 ppm that 
can be assigned to the diastereotopic CH2 moiety in the γ-position of the metallacycle (Scheme 
4b). It is well known that methylene protons with a syn orientation adjacent to organyl substituents 
can show a significant high-field chemical shift compared to the anti hydrogen.13 Additionally, 
the magnetic anisotropy effect of the phenyl group attached to C6 could lead to a high-field shift 
of the proton signal.14 It is noteworthy that the chemical shift of this multiplet is strongly solvent 
dependent (δ(1H) = 0.30 ppm in C6D6 vs. −0.46 ppm in THF-d8). It is conceivable that a C−H 
agostic interaction may be the cause for the unsual high-field shift.15 However, this explanation 
seems unlikely based on the high 1J(13C,1H) coupling constant (1J(13C,1H) = 130 Hz), which is in 
the typical range of sp3-CH2 groups, while 1J(13C,1H) coupling constants in the range of 
75−100 Hz are usually expected for an agostic C−H bond. The UV/Vis spectrum of 3 in THF 
displays two intense absorptions at 296 and 354 nm, while a broad absorption is detected in the 
visible at 699 nm. 
Metallacycles related to complex 3 were described by the groups of Yamamoto16 and Hoberg17 
(Figure 2). Yamamoto et al. obtained nickel-containing cyclic amides by reacting Ni(cod)2 (cod = 
1,5-cyclooctadiene) with mono- and bidentate phosphanes and α,β-unsaturated amides.16 
Cryoscopic molecular weight determinations in benzene indicated that these metallacycles are 
trimer in solution,16b while a single crystal X-ray structure analysis on one of the compounds 
revealed a tetrameric structure (Figure 3).16c The monomers are connected via an interaction of 
the nickel(II) centers and the amide oxygen atom of another γ-lactam-nickelacycle. Hoberg et al. 
obtained a series of complexes by reacting Ni(cod)2, mono- and bidentate σ-donors, organyl 
isocyanates with alkenes. The structural composition of these complexes was proven by NMR 
and IR spectroscopy, but they were not crystallographically characterized at the time. Thus, the 
degree of association and the coordination number of nickel remains unknown for Hoberg’s 
compounds in case of the monodentate ligands. Nevertheless, it seems likely that these complexes 
also feature oligomeric or polymeric structures. In contrast, complex 3 is monomeric, presumably 
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as a consequence of the large steric demand of the Dipp substituents on the carbene, which prevent 
any further association. 
 
 
Figure 2. Heteronickelacycles related to 3.  
 
4.3 Conclusion 
In conclusion, we have shown that the reaction of the nickel(I) radical [(η5-Cp)Ni(IDipp)] (A) 
with one equivalent of PhNCS yields complex [(IDipp)Ni{SC(NPh)N(Ph)CS}] (1), which 
displays the new {SC(NPh)N(Ph)CS}2− dianion derived from the dimerization of phenyl 
isothiocyanate in the coordination sphere of nickel(II). The nickel(II) complex [(η5-Cp)(η1-
Cp)Ni(IDipp)] (2) is a stoichiometric by-product in the reaction. It seems plausible that the 
reaction pathway involves transfer of a Cp radical to a second equivalent of complex A, resulting 
in the formation of a reactive intermediate that essentially acts as nickel(0) surrogate. In fact, 
complex 1 is cleanly produced by reacting the nickel(0) compound [(IDipp)Ni(styrene)2] (G) with 
two equivalents PhNCS. Interestingly, the reaction of G with PhNCO afforded the new γ-lactam-
nickelacycle [(IDipp)Ni{N(Ph)C(O)CH2CHPh}] (3) as a result of the reductive coupling of 
phenyl isocyanate and a styrene ligand. In the solid state, complex 3 is monomeric and displays a 
rare T-shaped structure with a three-coordinate nickel atom. The reaction of PhNCO with the 
nickel(I) complex [(η5-Cp)Ni(IDipp)] yielded in an inseparable mixture of products, showing that 
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4.4 Supporting Information (SI) 
4.4.1 General Procedures  
All  experiments  were  performed  under  an  atmosphere  of  dry  argon using standard Schlenk 
techniques or an MBraun UniLab glovebox. Solvents were dried and degassed with an MBraun 
SPS800 solvent purification system. Tetrahydrofuran and toluene were stored over molecular 
sieves (3 Å). Diethyl ether and n-hexane were stored over a potassium mirror. NMR spectra were 
recorded on Bruker Avance 300 and Avance 400 spectrometers at 300 K and internally referenced 
to residual solvent resonances. Melting points were measured on samples in sealed capillaries on 
a Stuart SMP10 melting point apparatus. UV/Vis spectra were recorded on a Varian Cary 50 
spectrophotometer. Elemental analyses were determined by the analytical department of 
Regensburg University. The starting materials [(C5H5)Ni(IDipp)] and [(IDipp)Ni(styrene)2] were 
prepared according to literature procedures.1,2 Phenyl isothiocyanate and phenyl isocyanate were 
purchased from commercial suppliers (PhNCS from ALFA Aesar and PhNCO Sigma Aldrich) 
and used as received. 
 
4.4.2 Synthesis of [(IDipp)NiSC(NPh)N(Ph)CS] (1)  
A solution of phenyl isothiocyanate (58.8 mg, 0.435 mmol, 2.0 eq) in toluene (~2 mL) was added 
to a solution of [(IDipp)Ni(styrene)2] (142.6 mg, 0.217 mmol, 1.0 eq) in toluene (~7 mL) at room 
temperature. An immediate color change from yellow to orange was observed. After stirring this 
solution for two and a half hours the solvent was removed in vacuo and the residue was extracted 
with diethyl ether (5 mL). The filtrate was concentrated to 3 mL. Storage at room temperature for 
18 hours afforded orange X-ray quality crystals of 1 (58.9 mg). A second crop of crystalline 1 can 
be obtained after reducing the volume of the filtrate to 1 mL and storing the solution at −35 °C. 
Combined yield: 73.0 mg (47%); m.p.  >154 °C (decomp. to a black solid); UV/Vis (THF, λmax 
/nm, (εmax /L·mol−1·cm−1)): 284 (22000), 325 (8700), 413 (4100), 519 (2200); elemental analysis 
calcd. for C42H46N4NiS2 (M = 717.66): C 69.14, H 6.35, N 7.68, found: C 68.47, H 6.43, N 7.58; 
1H NMR (C6D6, 300 K, 400.13 MHz) δ/ppm = 1.07 (d, 3JHH = 6.9 Hz, 12H, CH(CH3)2), 1.52 (d, 
3JHH = 6.9 Hz, 12H, CH(CH3)2), 2.83 (sept., 3JHH = 6.9 Hz, 4H, CH(CH3)2), 6.53 (s, 2H, NC-H), 
6.75 − 6.82 (m, 3H, CHPh), 6.99 − 7.04 (m, 3H, CHPh), 7.14 (m, 4H, meta-CHDipp), 7.23 − 7.30 
(m, 4H, CHPh/para-CHDipp), 7.37 (m, 2H, CHPh); 13C{1H} NMR (C6D6, 300 K, 100.61 MHz) 
δ/ppm = 23.9 (CH(CH3)2), 25.1 (CH(CH3)2), 29.1 ((CHCH3)2), 122.9 (Ph), 123.2 (Ph), 123.8 
(NCH), 124.3 (Dipp), 126.1 (Ph), 127.4 (Ph), 128.5 (Ph), 130.3 (Dipp), 136.7 (Dipp), 140.6 (Ph), 
145.9 (Dipp), 149.7 (Dipp), 171.4 (NCS), 189.8 (NCN of IDipp), 237.8 (NCS). 
 











  Chapter 4. Formation of Heteronickelacycles through the Reductive Coupling of Phenyl Iso(thio)cyanate 
101 
4.4.3 Synthesis of [(IDipp)NiN(Ph)C(O)CH2CH(Ph) (3) 
A solution of phenyl isocyanate (37.9 mg, 0.289 mmol, 1.1 eq) in tetrahydrofuran (1 mL) was 
added to a solution of [(IDipp)Ni(styrene)2] (189.6 mg, 0.318 mmol, 1.0 eq) in tetrahydrofuran 
(3 mL) at room temperature. A color change from yellow to blue was observed. After stirring the 
reaction mixture for two hours at room temperature the solvent was removed and the residue was 
extracted with tetrahydrofuran (1 mL). Blue X-ray quality crystals formed by diffusion of n-
hexane into the THF solution of 3. Yield: 93.3 mg (48%); m.p.  >170 °C (slow decomp. to a black 
solid); UV/Vis (THF, λmax /nm, (εmax /L·mol−1·cm−1)): 296 (16000), 354 (11400), 699 (1100); 
elemental analysis calcd. for C42H49N3NiO (M = 670.57): C 75.23, H 7.37, N 6.27, found: C 75.24, 
H 7.23, N 6.16; 1H NMR (THF-d8, 300 K, 400.13 MHz) δ/ppm = −0.46 (d, 3JHH = 16.8 Hz, 1H, 
PhCHCH2), 0.96 (d, 3JHH = 6.8 Hz, 6H, CH(CH3)2), 1.17 (d, 3JHH = 6.8 Hz, 6H, CH(CH3)2), 1.19 
(d, 3JHH = 6.8 Hz, 6H, CH(CH3)2), 1.70 (d, 3JHH = 6.8 Hz, 6H, CH(CH3)2), 2.29 (dd, 3JHH = 7.7 
Hz, 2JHH = 16.8 Hz, 1H, PhCHCH2), 2.49 (sept., 3JHH = 6.8 Hz, 2H, CH(CH3)2), 2.82 (d, 3JHH = 
7.7 Hz, 1H, PhCHCH2), 3.85 (sept., 3JHH = 6.8 Hz, 2H, CH(CH3)2), 6.40 (d, JHH = 7.9 Hz, 2H, 
ortho-CHNPh), 6.46 (t, JHH = 7.2 Hz, 1H, para-CHNPh), 6.57 (t, JHH = 7.6 Hz, 2H, meta-CHNPh), 
6.90 (t, JHH = 7.6 Hz, 2H, meta-CHPhCH), 7.08 (d, JHH = 7.6 Hz, 2H, ortho-CHPhCH), 7.15 (t, JHH = 
7.4 Hz, 1H, para-CHPhCH), 7.23 (d, JHH = 7.2 Hz, 2H, para-CHDipp), 7.44 (s, 2H, NCH of IDipp), 
7.52 (m, 2H, meta-CHDipp), 7.53 (m, 2H, meta-CHDipp); 13C{1H} NMR (THF-d8, 300 K, 
100.61 MHz) δ/ppm = 14.5 (PhCHCH2), 23.6 (CH(CH3)2), 24.2 (CH(CH3)2), 25.4 (CH(CH3)2), 
25.4 (CH(CH3)2), 29.3 (CH(CH3)), 30.2 (CH(CH3)), 46.6 (PhCHCH2), 120.0 (para-CHNPh), 120.5 
(ortho-CHNPh), 123.4 (para-CHPhCH), 125.3 (para-CHDipp), 125.4 (meta-CHDipp), 126.2 (NCH of 
IDipp), 127.1 (ortho-CHPhCH), 128.3 (meta-CHNPh), 130.3 (meta-CHPhCH), 131.1 (meta-ArDipp), 
135.5 (Dipp), 146.5 (Dipp), 147.3 (Dipp), 149.1 (ipso-CNPh), 151.4 (ipso-CPhCH), 176.2 (C=O), 
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4.4.4 X-ray Crystallography 
The single crystal X-ray diffraction data (Table S1) were recorded on an Agilent Technologies 
Gemini Ultra R diffractometer with microfocus Cu Kα radiation (λ = 1.54184 Å). Empical multi-
scan3 and analytical absorption corrections4 were applied to the data. Using Olex25, the structures 




Figure S3. Solid-state molecular structure of [(η5-Cp)Ni(η1-Cp)(IDipp)] (2). The hydrogen atoms are omitted for 
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Table S1. Crystallographic data of 1, 2, and 3. 
Compound 1 2 3 
Empirical formula  C41H46N4NiS2  C37H46N2Ni  C42H49N3NiO  
Formula weight  717.65  577.47  670.55  
Temperature [K]  123(1)  123(1)  123(1)  
Crystal system  monoclinic  monoclinic  triclinic  
Space group  C2/c  P21/n  P-1  
a [Å]  21.2844(3)  10.32832(18)  10.3147(2)  
b [Å] 12.13298(17)  19.6066(3)  18.7357(5)  
c [Å] 29.3618(3)  15.8877(3)  19.4834(6)  
α [°]  90  90  84.582(2)  
β [°]  92.0206(12)  98.3793(15)  82.009(2)  
γ [°]  90  90  89.3620(18)  
Volume [Å3]  7577.77(17)  3182.98(9)  3711.99(16)  
Z  8  4  4  
ρcalc [g/cm3]  1.258  1.205  1.200  
µ [mm−1] 2.017  1.063  1.012  
F(000)  3040.0  1240.0  1432.0  
Crystal size [mm3] 0.8135 × 0.3574 × 0.1914  0.3672 × 0.3136 × 0.2458  0.4458 × 0.1609 × 0.0796  
Radiation  CuKα (λ = 1.54184)  CuKα (λ = 1.54184)  CuKα (λ = 1.54184)  
2Θ range for data collection [°]  8.314 to 133.274  7.208 to 133.502  6.908 to 133.442  
Index ranges  −19 ≤ h ≤ 25, −13 ≤ k ≤ 14, 
−34 ≤ l ≤ 34  
−11 ≤ h ≤ 12, −22 ≤ k ≤ 23, 
−18 ≤ l ≤ 18  
−12 ≤ h ≤ 12, −21 ≤ k ≤ 22, 
−23 ≤ l ≤ 23  
Reflections collected  23029  15944  47839  
Independent reflections  6661 [Rint = 0.0418,  Rsigma = 0.0372]  
5595 [Rint = 0.0399,  
Rsigma = 0.0372]  
13030 [Rint = 0.0385,  
Rsigma = 0.0336]  
Data / restraints / parameters  6661 / 0 / 441  5595 / 0 / 369  13030 / 0 / 867  
Goodness-of-fit on F2  1.123  1.144  1.114  
Final R indexes [I>=2σ (I)]  R1 = 0.0375, wR2 = 0.1033 R1 = 0.0527, wR2 = 0.1417 R1 = 0.0647, wR2 = 0.2327 
Final R indexes [all data]  R1 = 0.0447, wR2 = 0.1163 R1 = 0.0555, wR2 = 0.1438 R1 = 0.0728, wR2 = 0.2371 
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4.4.5 DFT: Cartesian Coordinates of 3  
The calculation on 3 was performed using the ORCA program package (version 3.0.2.).8 The 
BP86 density functional and the Ahlrichs def2-TZVP basis set were employed for all atoms.9,10 
The RI approximation was used.11 Ahlrichs Coulomb fitting basis for the TZVP basis for all atoms 
(TZV/J) and atom-pairwise dispersion correction to the DFT energy with Becke-Johnson 
damping (d3bj) were applied.12 The nature of the stationary point was verified by a numerical 
frequency analysis. 
 
Energy = -3379.034146552428 Hartree
 
 Ni  5.23959073765144     12.74947840829250      4.94929431415208 
  O   1.84622870675009     14.77060529769954      4.76864733726782 
  N   7.81389415910773     11.62977983600131      4.42468245359597 
  N   8.04170994461066     13.56325605878626      5.36240861577139 
  N   3.47298590469282     13.11985923506476      4.50953845232663 
  C   7.08389189057301     12.63373570894096      5.01383917753210 
  C   2.87036750940787     14.18296809131247      5.12661111997632 
  C   8.11481522965699     15.23078025768383      7.15923297347658 
  C   7.19943150817967     10.55908606052867      3.68407330314999 
  C   7.74266428023072     14.88513061976054      5.84704217644021 
  C   7.50102600654300     11.98295509885156      1.57234722415304 
  H   7.91292694232463     12.68066301873331      2.31406474838687 
  C   4.57281165650217     12.43964679466749      7.50404129313589 
  C   6.69086170878189      9.44271788575221      4.37636883483057 
  C   7.11540253944029     10.69888966872769      2.28751814174446 
  C   4.82044699455288     13.61639942038702      6.64598981466696 
  C   9.31782257431104     13.13952582227330      4.99049030718781 
  H   10.19699255537796     13.74251247141709      5.17439893874579 
  C   8.80664435080948     14.24862504678645      8.08983494942979 
  H   8.68702082075770     13.24231722423470      7.65947035534995 
  C   3.67393569625854     14.57647537343726      6.37119547009359 
  C   7.81215163811479     16.52567401023369      7.60169027231812 
  H   8.08435774791070     16.82226312037420      8.61486732023461 
  C   7.07217752323016     15.78089000721312      4.98407152282228 
  C   3.51733323163787     11.25732629782445      3.01549401335771 
  H   3.97812459215289     10.68595664479915      3.82684262698008 
  C   3.11435870090982     12.58726667088188      3.26935264142675 
  C   9.17356652480029     11.92488239651922      4.39683379598465 
  H   9.89828578016598     11.25295085667761      3.95507406549095 
  C   6.58680048691167      9.62328299596880      1.56218598996912 
  H   6.50513663078691      9.69951071537014      0.47736437747912 
  C   5.63353096520421     11.89195827243157      8.25591266618659 
  H   6.63008961747458     12.31934290983892      8.13911960640939 
  C   6.15736555018494      8.40436580146375      3.60525336361656 
  H   5.75013523841757      7.52465538237525      4.10124559340095 
  C   6.70312028794275      9.39662267197817      5.89421177083966 
  H   6.44768962364540     10.41117442334396      6.24166470134173 
  C   3.29825430220809     11.85346457939487      7.64420064492542 
  H   2.46494213559816     12.23686586027508      7.05523062377767 
  C   3.30749298373779     10.67482864528588      1.76644908092270 
  H   3.62167820610096      9.64535462337823      1.59759174687360 
  C   2.68902559696174     11.40159129008664      0.74741861647696 
  H   2.51401612561663     10.94535051635846     -0.22776369282963 
  C   3.09536900135167     10.78512094579291      8.51554311422143 
  H   2.09926647960936     10.34959760155762      8.60945429263715 
  C   6.77571316428018     17.05279977356522      5.48566544459795 
  H   6.24429511666402     17.76255013961864      4.85265940856837 
  C   4.15421186136264     10.27297749964759      9.27318366181544 
  H   3.98814561794196      9.44237794198045      9.96031824899423 
  C   6.12964321543261      8.48161690546414      2.21172961278427 
  H   5.71762077213332      7.65397114919075      1.63221780062170 
  C   6.25588295100918     12.64734495610116      0.96173412246970 
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  H   5.78901732144895     12.00324225215843      0.20386132597559 
  H   6.52996038363248     13.59652499213484      0.47889967175822 
  H   5.49240839677722     12.85222685887398      1.72467226536209 
  C   2.47924677920042     13.31329241046003      2.23865238802251 
  H   2.14351438961697     14.32740534258697      2.44280652328760 
  C   8.18197431130637     14.23834319409138      9.49391831704676 
  H   8.38981155149322     15.17435556476238     10.03189768700579 
  H   8.60507554901930     13.41708418252689     10.08980738511979 
  H   7.09315799443566     14.10557949542581      9.45282054010102 
  C   5.42917586949381     10.83219491863581      9.13491383820087 
  H   6.26579679653963     10.44010839228182      9.71612979782513 
  C   6.72866221089664     15.41503916164454      3.54963553166990 
  H   6.51637972519532     14.33431397319750      3.53307737567144 
  C   10.31448690298157     14.54485796251116      8.18042218669856 
  H   10.79669082753725     14.51876045502588      7.19389637462202 
  H   10.81583950806920     13.80879258371455      8.82553383925952 
  H   10.48539722552335     15.54462764042369      8.60627581561728 
  C   7.14454039532425     17.42614603513003      6.77749884772757 
  H   6.90171864533552     18.42411536736496      7.14497050293927 
  C   2.27710705764860     12.71774006411221      0.99604230186186 
  H   1.78403967253857     13.28848556020367      0.20668522221603 
  C   8.58830467213496     11.74713452265109      0.51410919085330 
  H   9.48824753904469     11.29753563248238      0.95748472604305 
  H   8.87554927068953     12.69859958291703      0.04379445048555 
  H   8.23394431452371     11.07470430931275     -0.28080903948389 
  C   5.46463655202440     16.09801622924945      3.02100373103547 
  H   4.60891111668592     15.93026351329482      3.68824515368400 
  H   5.20616037587378     15.67620223771642      2.04012404471416 
  H   5.59786538958154     17.18193972373258      2.88875027980208 
  C   7.93757650119780     15.67982966457665      2.63562096745346 
  H   8.19639970167504     16.74947543525370      2.63204462556628 
  H   7.70888546927959     15.37968664146436      1.60292007903681 
  H   8.82261542091176     15.11798147331529      2.96609495819440 
  C   5.65167149819552      8.44914244675050      6.47495811612756 
  H   4.64820205658949      8.67743252725266      6.09047217686630 
  H   5.61938363570014      8.56218929157673      7.56550605515130 
  H   5.88025061718548      7.39541156315292      6.25406441147399 
  C   8.10146442794863      9.05369445854925      6.43620337087108 
  H   8.40518584668472      8.04531951523067      6.11652477392491 
  H   8.09560500125723      9.07662230194820      7.53572647725876 
  H   8.86172626905432      9.76519034238055      6.08708767669411 
  H   5.74101053859405     14.12923801461947      6.93747402162162 
  H   2.98299142320246     14.66038545820293      7.22654284637022 

















1 S. Pelties, D. Herrmann, B. de Bruin, F. Hartl, R. Wolf, Chem. Commun. 2014, 50, 7014. 
2 N. J. Iglesias, J. F. Blandez, M. R. Fructos, A. Prieto, E. Álvarez, T. R. Belderrain, M. C. 
Nicasio, Organometallics 2012, 31, 6312–6316. 
3 a) SCALE3ABS, CrysAlisPro, Aglient Technologies Inc., Oxford, GB, 2015; b) G. M. 
Sheldrick, SADABS, Bruker AXS, Madison, USA, 2007. 
4 R. C. Clark, J. S. Reid, Acta Cryst. A 1995, 51, 887. 
5 O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard, H. Puschmann, J. Appl. 
Cryst. 2009, 42, 339. 
6 G. M. Sheldrick, Acta Cryst. A 2015, 71, 3. 
7 G. M. Sheldrick, Acta Cryst. C 2015, 71, 3. 
8 F. Neese, Wiley Interdiscip. Rev. Comput. Mol. Sci. 2012, 2, 73. 
9  a) C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785, b) A. D. Becke, J. Chem. Phys. 
1993, 98, 1372, c) A. D. Becke, J. Chem. Phys. 1993, 98, 5648. 
10 a) A. Schäfer, H. Horn, R. Ahlrichs, J. Chem. Phys. 1992, 97, 2571, b) F. Weigend, R. 
Ahlrichs, Phys. Chem. Chem. Phys. 2005, 7, 3297. 
11  a) A. D. Becke, Phys. Rev. A 1988, 38, 3098, b) J. P. Perdew, Phys. Rev. B 1986, 33, 8822. 
12  a) S. Grimme, S. Ehrlich, L. Goerigk, J. Comput. Chem. 2011, 32, 1456, b) S. Grimme, J. 
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5.1 Introduction 
Developing new, targeted and selective methods for the functionalisation of the P4 molecule 
remains a topical challenge despite the extensive research efforts carried out in the past.1,2 Recent 
reports have focused on the use of nucleophilic carbanions and carbenes,3,4 insertion reactions of 
p-block elements, e.g. phosphenium cations5 and the use of main group element or transition 
metal-based radicals.6,7 The latter approach often gives rise to bicyclo[1.1.0]tetraphosphabutanes 
A, which may be seen as potential intermediates on the way to a stepwise P4 degradation sequence 
(Scheme 1a). While various “P4 butterfly” compounds of type A are known, it is interesting to 










R = p-block element radical, e.g. phosphanyl, carbyl, stannyl, or


































































































Scheme 1. a) Formation of bicyclo[1.1.0]tetraphosphabutanes amenable for further transformations; b) Selected 
reactions of iron-substituted bicyclo[1.1.0]tetraphosphabutanes; CpR = C5H2-1,2,4-tBu3, C5H2-1,2,4-tBu3, C9H5-1,3-
tBu2, C5iPr5, R1 = R2 = Me, Ph; R1 = H, R2 = Ph, tBu, SiMe3, CO2Me/Et, R3 = tBu, C(CH2)5Me; c) synthesis of 1Dipp 
and 1Mes and reactivity toward phenyl isothiocyanate.6−10 
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Previous studies mainly focused on iron complexes.1d,7a,c,9−11 As reported by Scherer and Scheer, 
thermolysis or photolysis of [(CpRFe(CO)2)2(µ-η1:η1-P4)] (CpR = C5H2-1,2,4-tBu3, C5H2-1,2,4-
tBu3, C9H5-1,3-tBu2, and C5iPr5) affords mixtures of polyphosphido complexes.7a,c Reactions with 
(phospha)alkynes evoked the P3/P1 fragmentation of the bicyclo[1.1.0]tetraphosphabutanediyl 
fragment, forming phosphide, phospholide, diphosphacyclobutadiene components.9,10 Further 
studies revealed that the “P4 butterfly” may be protonated reversibly and coordinates as a chelate 
ligand to copper(I).11  
Here, we disclose a new reaction mode for metal-substituted bicyclo[1.1.0]tetraphosphabutanes. 
We have found that phenyl isothiocyanate reversibly inserts into a P−P bond of the 
bicyclo[1.1.0]tetraphosphabutane scaffold of the dinuclear nickel complex [{(η5-
Cp)Ni(IMes)}2(µ-η1:η1-P4)] (1Mes, Scheme 2b).7b This unprecedented reaction affords the isomers 
2a and 2b, which display a bicyclo[3.1.0]heterohexane skeleton. We describe the single-crystal 
X-ray structures and 31P{1H} NMR data of these new complexes, and analyse the possible nature 
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5.2. Results and Discussion 
We recently synthesised of the first nickel-substituted bicyclo[1.1.0]tetraphosphabutane, 
[{(η5-Cp)Ni(IDipp)}2(µ-η1:η1-P4)] (1Dipp, IDipp = 1,3-bis(2,6-diisopropylphenyl)imidazolin-2-
ylidene).[7b] This complex is formed in a quantitative reaction from two equivalents [(η5-
Cp)Ni(IDipp)] and P4 (Scheme 1c). Subsequent work showed that the slightly less encumbered 
mesityl-substituted complex [{(η5-Cp)Ni(IMes)}2(µ-η1:η1-P4)] (1Mes) is obtained in an analogous 
fashion. 1Mes was isolated as dark red air-sensitive crystals in 71% yield (Scheme 1c) and shows 
a better solubility than 1Dipp, dissolving well in benzene, toluene, diethyl ether and 
tetrahydrofuran.† 
In order to probe the reactivity of 1Dipp and 1Mes, we investigated reactions with heteroallenes. 
ADMX spin systems were observed by 31P NMR spectroscopy with CS2 (10 equiv.), suggesting 
insertion into a P−P bond, but these products could not be isolated.§† Isolable products were 
obtained with phenyl isothiocyanate, however. Monitoring the reaction of 1Mes and PhNCS in 
[D8]THF (Figure 1) revealed that 7 equiv. PhNCS were necessary for full conversion of 1Mes after 
four hours.§ Two main products 2a and 2b (ADMX spin systems) and one minor species 2c 
(A2MX spin system) were detected (approximate ratio 2a:2b:2c 75:20:5). The simultaneous 
formation of 2a, 2b and 2c commences below 0 °C according to a VT NMR study ([D8]THF, 
Figure S8, SI). Prolonged reaction times and heating of the solution resulted in essentially the 
same product ratio, although the signal to noise ratio of the spectra decreased over time. In 
contrast, the 31P{1H} NMR spectrum of the reaction of 1Dipp with a large excess of PhNCS in 
[D8]THF after two days at room temperature showed signals of a species similar to 2b (15%, 




Figure 1. Synthesis of 2a and 2b (top), and 31P{1H} NMR spectrum ([D8]THF) of the reaction of PhNCS and 1Mes 
(7:1) at room temperature after four hours; ● = 2a, ■ = 2b, ▲ = 2c (bottom). 
 
 
Complex 2a can be isolated as an analytically pure, dark brown solid in 31% yield by crystallising 
the crude product twice from toluene/n-hexane.† Crystallisation of the crude product from diethyl 
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ether and recrystallization from toluene/n-hexane affords pure, crystalline 2b in 16% isolated 
yield. Single-crystal XRD for 2a (Figure 2, left) revealed an unusual nickel-substituted 
bicyclo[3.1.0]-2-thia-1,4,5,6-tetraphosphahexane moiety (P1−C1 1.860(4) Å, P4−S1 
2.1257(13)  Å) with an exocyclic imino function. The C1−N1 (1.278(5) Å) and S1−C1 
(1.795(5) Å) bonds of 2a are elongated compared to free aryl isothiocyanates.12 The P−P distances 
(2.1818(14) − 2.2222(14) Å) are in the range of single bonds.7 The five-membered CP3S 
heterocycle (P1−P2−P4−S1−C1) is almost flat (Σangles = 535.8°) and orthogonal (89.60(7)°) to the 
plane formed by P2, P3, and P4. The scaffold of 2a is analogous to that of 2,3,4,6-tetra-tert-
butylbicyclo[3.1.0]hexaphosphane synthesised by Baudler et al..13  
 
Figure 2. Solid-state molecular structures of 2a (left) and 2b (right). The hydrogen atoms are omitted for clarity. 
Thermal ellipsoids are drawn at 40% level. Selected bond lengths [Å] and angles [°] for 2a: P1−C1 1.860(4), P4−S1 
2.1257(13), P1−P2 2.1818(14), P2−P3 2.2182(15), P2−P4 2.2222(14), P3−P4 2.1935(15), C1−S1 1.794(4), C1−N1 
1.278(6), Ni1−P1 2.2036(13), Ni2−P3 2.1906(11), P1−P2−P4 102.89(5), P2−P4−S1 102.86(6), P4−S1−C1 104.82(14), 
S1−C1−P1 122.3(2), C1−P1−P2 102.88(14), P3−P2−P4 59.20(5), P1−C1−N1 116.4(3), S1−C1−N1 121.3(2); for 2b: 
P1−C1 1.828(3), P4−N1 1.785(3), P1−P2 2.2157(11), P2−P4 2.1969(10), P2−P3 2.2233(10), P3−P4 2.206(1), C1−N1 
1.359(4), C1−S1 1.678(3), Ni1−P1 2.2188(9), Ni2−P3 2.2192(9),  P1−P2−P4 95.28(4), P2−P4−N1 99.75(9), 
P4−N1−C1 124.9(2), N1−C1−P1 118.6(2), C1−P1−P2 100.48(3), P3−P2−P4 59.88(3), P1−C1−S1 117.68(18), 
N1−C1−S1 123.6(2). 
 
The molecular structure of the regio isomer 2b (Figure 2, right) features a flat CNP3 heterocycle 
(Σangles = 539.0°) with a thioketone function (C1−S1 1.678(3) Å) and single bonds between P1−C1 
(1.828(3) Å) and P4−N1 (1.785(3) Å). The P−P distances in 2b (2.1969(10) − 2.2233(10) Å) are 
similar to those of 2a. The CNP3 ring forms an acute dihedral angle of 79.58(5)° with the 
P2−P3−P4 plane.  
The 31P{1H} NMR spectrum of 2a ([D8]THF, room temperature) features four broad multiplets 
at −150.1, −96.4, −75.0 and 32.1 ppm consistent with four chemically different P atoms. The 
signals are broad at room temperature (average half-width τFWHM = 565 Hz); they become sharper 
when the temperature is decreased to −80 °C (av. τFWHM = 35 Hz). Experimental and fitted 
31P{1H} NMR spectra in [D8]THF at −80 °C along with the assignment of the chemical shifts and 
coupling constants are shown in Figure 3. The resonance at −151.8 ppm is assigned to PA 
connected to three P atoms based on the observation of three large 1J(P,P)-coupling constants for 
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this multiplet (1J(PAPD) = −178 Hz, 1J(PAPM) = −185 Hz and 1J(PAPX) = −374 Hz). The P atoms 
coordinated to nickel (δ(PD) = −105.5 ppm; δ(PX) = 27.8 ppm) show a common large 2J(P,P) 
coupling (2J(PD,PX) = 82 Hz), which may arise from an interaction of the lone pairs due to the 
conformational constraints of the bicyclo[3.1.0]heterohexane skeleton.13 The signal of PD shows 
two typical 1J couplings to PA and PM (1J(PAPD) = −178 Hz and 1J(PDPM) = −238 Hz), while PX is 
a doublet of doublets due to the presence of one large 1J coupling constant. The multiplet at 
−78.0 ppm is assigned to the P atom connected to sulfur (PM) and features a common coupling 




Figure 3. 31P{1H} NMR spectra of 2a (top) and 2b (bottom, 161.98 MHz, [D8]THF, 193 K); 2a (ADMX spin system): 
δA = −151.8 ppm, δD = −105.5 ppm, δM = −78.0 ppm, δX = 27.8 ppm, 1J(PAPD) = −178 Hz, 1J(PAPM) = −185 Hz, 
1J(PAPX) = −374 Hz, 1J(PDPM) = −238 Hz, 2J(PDPX) = 82 Hz, 2J(PMPX) = 9 Hz; 2b (ADMX spin system): δA = −180.5 
ppm, δD = −109.1 ppm, δM = 1.2 ppm, δX = 48.2 ppm, 1J(PAPD) = −193 Hz, 1J(PAPM) = −209 Hz, 1J(PAPX) = −282 Hz, 
1J(PDPM) = −237 Hz, 2J(PDPX) = 57 Hz, 2J(PMPX) = 10 Hz; Expansions (inset) show the experimental (up) and fitted 
spectra (down). The signals assigned to 2b are labeled with an asterisk. 
 
 
Complex 2b gives rise to four slightly broad 31P{1H} NMR resonances at −182.1, −104.5, 4.5 and 
50.1 ppm in [D8]THF at room temperature. The line width decreased from an average of τFWHM = 
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33 Hz at room temperature to τFWHM = 23 Hz upon cooling to −80 °C. The chemical shifts and 
coupling constants of 2b lie in a similar range as observed for 2a (Figure 3, bottom) in agreement 
with the similar structure motif. The multiplet for PA (δ = −180.5 ppm) arises from three distinct 
1J(P,P) couplings (1J(PAPD) = −193 Hz, 1J(PAPM) = −209 Hz and 1J(PAPX) = −282 Hz). In addition, 
a characteristic large 2J(P,P) coupling constant (2J(PDPX) = 57 Hz) was detected for the P atoms 
PD and PX, both of which are connected to nickel atoms. 
31P{1H} NMR studies indicate that the formation of 2a, 2b, and 2c is reversible; i.e. the products 
slowly equilibrate with the starting material 1Mes in solution.† A mixture of 2a (89%), 1Mes (7%), 
2c (4%) and 2b (traces) was detected upon storing a [D8]THF solution of pure 2a in an NMR tube 
at room temperature for two days, while a 65:10:5:20 mixture (2a:2b:2c:1Mes) was present after 
one week.‡ Additional multiplets of unidentified minor species can be observed upon prolonged 
storage (Figure S11, SI). A similar behaviour was observed for pure 2b in [D8]THF (Figure S12). 
1Mes was the exclusive component detected by 31P{1H} NMR after storing 2b in [D8]THF at 60 °C 
for 20 hours. 
DFT calculations (ωB97X-D/6-311G(d,p) level)14 were performed to gain additional insight into 
the thermodynamics of the reaction and the unidentified structure of the minor product 2c. The 
optimized structures of the truncated model complexes 1Ph, 2aPh and 2bPh, where the Mes 
substituents were replaced by phenyl groups for computational efficiency, are in good agreement 
with the experimental structures (Figure 4). The formation of 2aPh and 2bPh is exergonic, and the 
thermodynamic product of the reaction appears to be 2bPh (−15.2 kcal/mol with respect the 




Figure 4. a) Calculated, relative Gibbs free energies (kcal/mol) of 1Ph, 2aPh, and 2bPh and further isomers 2cAdd1 and 
2cAdd2, which potentially correspond to 2c. The relative Gibbs free energies refer to 1Ph + PhNCS (kcal/mol). 
 
The NMR spectroscopically detected species 2c gives rise to an A2MX spin system in the 31P{1H} 
NMR spectrum (vide supra) indicative of an unsymmetrically-substituted “P4 butterfly” 
fragment.3 It is conceivable that adduct complexes 2cAdd1 and 2cAdd2 (Figure 4b) represent 
intermediates on the reaction coordinate from 1Mes and PhNCS to 2a and 2b, respectively. 
However, the transition states connecting 2cAdd1 with 2aPh, and 2cAdd2 with 2bPh possess 
unrealistically high energies (~50 kcal mol-1), thus indicating that a direct interconversion 
between these species is unlikely to occur under the reaction conditions.† The formation of Ni−P 
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insertion products is also conceivable, but the calculated energies of these species were higher 
than those of 2a and 2b (Figure S14).15† 
 
5.3 Conclusion 
In conclusion, the reaction of 1Mes with PhNCS affords the novel complexes 2a and 2b with an 
unsual bicyclo[3.1.0]heterohexane skeleton. To our knowledge, this represents the first example 
of a formal cycloaddition of a heteroallene to a bicyclo[1.1.0]tetraphosphabutane. In future work, 
it will be of interest to investigate whether reactions of cyclopolyphosphanes with polar multiple 
bonds offer a general route toward “functionalized” polyphosphanes.15 Efficient preparative 
methods exist for a range of bicyclo[1.1.0]tetraphosphabutanes,1,6−9 therefore, such 
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Notes and References 
§Excess PhNCS (7 equiv.) is needed to achieve full conversion of 1Mes, while a large amount 
of 1Mes (55%) remained in the reaction mixture with one equiv. PhNCS after one day 
([D8]THF, Figure S8, SI). 
‡The 1H NMR spectrum of a freshly prepared [D8]THF solution of pure crystals of 2a 
stored for one week at room temperature in an Ar-filled glove box also showed a mixture 
containing 2a, 2b and 1Mes in a 94.5:0.5:5 ratio. 
 
1 Reviews: a) B. M. Cossairt, N. A. Piro, C. C. Cummins, Chem. Rev. 2010, 110, 4164; 
b) M. Caporali, L. Gonsalvi, A. Rossin, M. Peruzzini, Chem. Rev. 2010, 110, 4178; c) 
M. Peruzzini, I. de los Rios, A. Romerosa, F. Vizza, Eur. J. Inorg. Chem. 2001, 593; 
d) M. Peruzzini, R. R. Abdreimova, Y. Budnikova, A. Romerosa, O. J. Scherer, H. 
Sitzmann, J. Organomet. Chem. 2004, 689, 4319; e) M. Peruzzini, L. Gonsalvi, A. 
Romerosa, Chem. Soc. Rev. 2005, 34, 1038.  
2 Selected publications on transformations of transition metal phosphide complexes 
derived from P4 in one step: a) P. Barbaro, C. Bazzicalupi, M. Peruzzini, S. Seniori 
Costantini, P. Stoppioni, Angew. Chem. Int. Ed. 2012, 51, 8628; b) E. Mädl, M. V. 
Butovskii, G. Balázs, E. V. Peresypkina, A. V. Virovets, M. Seidl and M. Scheer, 
Angew. Chem. Int. Ed. 2014, 53, 7643. 
3 a) W. T. K. Chan, F. García, A. D. Hopkins, L. C. Martin, M. McPartlin, D. S. Wright, 
Angew. Chem. Int. Ed. 2007, 46, 3084; b) J. E. Borger, A. W. Ehlers, M. Lutz, J. C. 
Slootweg, K. Lammertsma, Angew. Chem. Int. Ed. 2014, 53, 12836; c) M. Arrowsmith, 
M. S. Hill, A. L. Johnson, G. Kociok-Köhn, M. F. Mahon, Angew. Chem. Int. Ed. 2015, 
54, 7882; d) J. E. Borger, A. W. Ehlers, M. Lutz, J. C. Slootweg, K. Lammertsma, 
Angew. Chem. Int. Ed. 2015, 55, 613. 
4 a) J. D. Masuda, W. W. Schoeller, B. Donnadieu, G. Bertrand, Angew. Chem. Int. Ed. 
2007, 46, 7052; b) O. Back, G. Kuchenbeiser, B. Donnadieu, G. Bertrand, Angew. 
Chem. Int. Ed. 2009, 48, 5530. 
5 Selected publications on the insertion of p-block elements into the P−P bonds of P4: a) 
Y. Xiong, S. Yao, M. Brym, M. Driess, Angew. Chem. Int. Ed. 2007, 46, 4511; b) J. J. 
Weigand, M. Holthausen, R. Fröhlich, Angew. Chem. Int. Ed. 2009, 48, 295; c) M. H. 
Holthausen, J. J. Weigand, J. Am. Chem. Soc. 2009, 131, 14210; d) G. Prabusankar, A. 
Doddi, C. Gemel, M. Winter, R. A. Fischer, Inorg. Chem. 2010, 49, 7976; e) M. H. 
Holthausen, J. J. Weigand, Chem. Soc. Rev. 2014, 43, 6639. 
6 a) J.-P. Bezombes, P. B. Hitchcock, M. F. Lappert, J. E. Nycz, Dalton Trans. 2004, 
499; b) B. M. Cossairt, C. C. Cummins, New J. Chem. 2010, 34, 1533; c) S. Khan, R. 
Michel, J. M. Dieterich, R. A. Mata, H. W. Roesky, J.-P. Demers, A. Lange, D. Stalke, 
 Chapter 5. Insertion of PhNCS into a P−P Bond of a Ni-substituted Bicyclo[1.1.0]tetraphosphabutane 
119 
J. Am. Chem. Soc. 2011, 133, 17889; d) N. A. Giffin, A. D. Hendsbee, T. L. Roemmele, 
M. D. Lumsden, C. C. Pye, J. D. Masuda, Inorg. Chem. 2012, 51, 11837; e) S. Heinl, 
S. Reisinger, C. Schwarzmaier, M. Bodensteiner, M. Scheer, Angew. Chem. Int. Ed. 
2014, 53, 7639. 
7 a) O. J. Scherer, T. Hilt, G. Wolmershäuser, Organometallics 1998, 17, 4110; b) S. 
Pelties, D. Herrmann, B. de Bruin, F. Hartl, R. Wolf, Chem. Commun. 2014, 50, 7014; 
c) S. Heinl, M. Scheer, Chem. Sci. 2014, 5, 3221; d) C. Schwarzmaier, A. Y. 
Timoshkin, G. Balázs, M. Scheer, Angew. Chem. Int. Ed. 2014, 53, 9077; e) D. W. 
Agnew, C. E. Moore, A. L. Rheingold, J. S. Figueroa, Angew. Chem. Int. Ed. 2015, 54, 
12673. 
8 Selected main group element-substituted “butterfly P4” compounds with an E2P4 core: 
a) E. Niecke, R. Rüger, B. Krebs, Angew. Chem. Int. Ed. Engl. 1982, 21, 544; b) R. 
Riedel, H.-D. Hausen, E. Fluck, Angew. Chem. Int. Ed. Engl. 1985, 24, 1056; c) S. L. 
Hinchley, C. A. Morrison, D. W. H. Rankin, C. L. B. Macdonald, R. J. Wiacek, A. 
Voigt, A. H. Cowley, M. F. Lappert, G. Gundersen, J. A. C. Clyburne, P. P. Power, J. 
Am. Chem. Soc. 2001, 123, 9045.  
9 a) O. J. Scherer, T. Hilt, G. Wolmershäuser, Angew. Chem. Int. Ed. 2000, 39, 1425; b) 
C. Eichhorn, PhD thesis, Kaiserslautern 2003; c) S. Deng, C. Schwarzmaier, C. 
Eichhorn, O. J. Scherer, G. Wolmershäuser, M. Zabel, M. Scheer, Chem. Commun. 
2008, 4064.  
10 M. Scheer, S. Deng, O. J. Scherer, M. Sierka, Angew. Chem. Int. Ed. 2005, 44, 3755.  
11 C. Schwarzmaier, S. Heinl, G. Balázs, M. Scheer, Angew. Chem. Int. Ed. 2015, 54, 
13116. 
12 S. Biswas, S. Haldar, P. K. Mandal, K. Goubitz, H. Schenk, R. Dabrowski, Cryst. Res. 
Technol. 2007, 42, 1029. 
13 a) M. Baudler, Y. Aktalay, K.-F. Tebbe, T. Heinlein, Angew. Chem. Int. Ed. Engl. 
1981, 20, 967; in this context see also: b) M. Baudler, Angew. Chem. Int. Ed. Engl. 
1982, 21, 492. 
14 DFT calculations were performed using Gaussian09; see supporting information for 
further details.  
15 Selected examples for the insertion of isothiocyanates into transition 
metal−phosphorus bonds: a) U. Segerer, E. Hey-Hawkins, Polyhedron 1997, 16, 2537; 
b) U. Segerer, J. Sieler, E. Hey-Hawkins, Organometallics 2000, 19, 2445; c) A. 
Antiñolo, S. García-Yuste, A. Otero, R. Reguillo-Carmona, Eur. J. Inorg. Chem. 2009, 
539; d) W. Yi, J. Zhang, L. Hong, Z. Chen, X. Zhou, Organometallics 2011, 30, 5809. 
16 a) A. R. Jupp and J. M. Goicoechea, Angew. Chem. Int. Ed. 2013, 52, 10064; b) R. S. 
P. Turbervill, J. M. Goicoechea, Chem. Commun. 2012, 48, 6100; c) R. S. P. Turbervill, 
Chapter 5. Insertion of PhNCS into a P−P Bond of a Ni-substituted Bicyclo[1.1.0]tetraphosphabutane 
 
120 
A. R. Jupp, P. S. B. McCullough, D. Ergöçmen, J. M. Goicoechea, Organometallics 




































































 Chapter 5. Insertion of PhNCS into a P−P Bond of a Ni-substituted Bicyclo[1.1.0]tetraphosphabutane 
121 
5.4 Supporting Information (SI) 
5.4.1 General Procedures 
All experiments were performed under an atmosphere of dry argon using standard Schlenk 
techniques or an MBraun UniLab glovebox. Solvents were dried and degassed with an MBraun 
SPS800 solvent purification system. Tetrahydrofuran and toluene were stored over molecular 
sieves (3 Å). Diethyl ether and n-hexane were stored over a potassium mirror. NMR spectra were 
recorded on Bruker Avance 300 and Avance 400 spectrometers at 300 K and internally referenced 
to residual solvent resonances. Melting points were measured on samples in sealed capillaries on 
a Stuart SMP10 melting point apparatus. UV/Vis spectra were recorded on a Varian Cary 50 
spectrophotometer. Elemental analyses were determined by the analytical department of 
Regensburg University. Phenyl isothiocyanate was purchased from ALFA Aesar and used as 
received. 
 
5.4.2 Synthesis of 1Mes 
P4 (310.4 mg, 2.505 mmol, 1.0 eq) was added in one portion at −60 °C to a solution of 
CpNi(IMes) (2.165 g, 5.053 mmol, 2.0 eq). The solution turned immediately dark red. After 
stirring the solution for 19 h, the solvent was removed in vacuum, and the residue was extracted 
with toluene (50 mL). Subsequently, the solution was filtered and reduced in volume (45 mL). 
Dark red crystals of 1Mes formed upon storing the solution at −16 °C for one day. The isolated 
compound contains one equivalent of toluene per formula unit after drying in high vacuum. Yield 
1.932 g (71%); m.p. >158 °C (slow decomp. to a black oil); UV/Vis (THF, λmax /nm, (εmax 
/L·mol−1·cm−1)): 354 (15100), 421 (9600), 515 (9200); elemental analysis calcd. for 
C54H66N4Ni2P4·C7H8 (M = 1104.55): C 66.33, H 6.75, N 5.07, found: C 66.35, H 6.15, N 5.12; 1H 
NMR ([D8]THF, 300 K, 400.13 MHz) δ /ppm = 2.19 (s, 24H, ortho-CH3), 2.41 (s, 12H, para-
CH3), 4.31 (s, 10H, Cp), 7.04 (s, 8H, meta-CHDipp), 7.10 (s, 4H, NC-H); 13C{1H} NMR ([D8]THF, 
300 K, 100.61 MHz) δ /ppm =19.6 (ortho-CH3), 21.2 (para-CH3), 90.6 (Cp), 124.3 (NCH), 129.7 
(meta-CDipp), 136.7 (CDipp), 138.3 (CDipp), 138.8 (CDipp), 182.8 (CCarbene); 31P{1H} NMR ([D8]THF, 
193 K, 100.61 MHz) δ /ppm = −320.4 (t, 1JPP = −190.5 Hz, 2P), −56.0 (t, 1JPP = −190.5 Hz, 2P). 
 




Figure S1. 1H (top), 13C{1H} (middle), and 31P{1H} NMR spectrum (bottom) of 1Mes (400.16/100.61/161.98 MHz, 
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5.4.3 Synthesis of 2a 
A solution of phenyl isothiocyanate (122 mg, 0.900 mmol, 7.0 eq) in tetrahydrofuran (1.5 mL) 
was added to a solution of 1Mes (139 mg, 0.129 mmol, 1.0 eq) in tetrahydrofuran (2 mL) at room 
temperature. After stirring this solution for 4.5 hours the solvent was removed in vacuo, and the 
residue was washed with n-hexane (2 mL). The residue was extracted with toluene (1.5 mL) and 
layered with n-hexane (1 mL). Dark brown crystals formed during storage at room temperature 
after one day. X-ray quality crystals of 2a were obtained by recrystallization of the crude product 
from toluene (2 mL) and diffusing n-hexane into this solution. The isolated compound contains 
two equivalents of toluene per formula unit after drying in high vacuum. Yield 54 mg (31%); m.p. 
>150 °C (slow decomp. to a black solid); UV/Vis (THF, λmax /nm, (εmax /L·mol−1·cm−1)): 353sh 
(21500), 403 (13700), 490 (8000), 565sh (4800); elemental analysis calcd. for 
C61H71N5Ni2P4S·2C7H8 (M = 1331.90): C 67.63, H 6.58, N 5.26, found: C 67.65, H 5.85, N 5.38; 
1H NMR ([D8]THF, 300 K, 400.13 MHz) δ /ppm = 2.12 (s, 6H, para-CH3), 2.21 (s, 6H, para-
CH3), 2.30 (s, 12H, ortho-CH3), 2.36 (s, 6H, ortho-CH3), 4.29 (s, 5H, Cp), 4.62 (s, 5H, Cp), 6.65 
(m, 2H, meta-CHPh), 6.92 (m, 1H, para-CHPh), 6.97−7.01 (m, 5H, CHPh/Dipp), 7.07−7.14 (m, 3H, 
CHPh/Dipp), 7.17−7.22 (m, 6H, CHPh/Dipp); 1H NMR ([D8]THF, 193 K, 400.13 MHz) δ /ppm = 1.98 
(s, 3H, CH3), 1.99 (s, 3H, CH3), 2.03 (s, 3H, CH3), 2.23 (s, 3H, CH3), 2.24 (s, 3H, CH3), 2.27 (s, 
3H, CH3), 2.30 (s, 3H, CH3), 2.39 (s, 6H, CH3), 2.42 (s, 3H, CH3), 2.50 (s, 3H, CH3), 2.61 (s, 3H, 
CH3), 4.19 (s, 5H, Cp), 4.49 (s, 5H, Cp), 6.65 (s, 1H, CHPh/Dipp), 6.67 (s, 1H, CHPh/Dipp), 6.80 (s, 
1H, CHPh/Dipp), 6.98 (t, 3JHH = 7.4 Hz, 1H, CHPh/Dipp), 7.02 (s, 1H, CHPh/Dipp), 7.13 (s, 1H, CHPh/Dipp), 
7.15 (m, 2H, CHPh/Dipp), 7.22 (m, 6H, CHPh/Dipp), 7.30 (s, 1H, CHPh/Dipp), 7.39 (s, 1H, CHPh/Dipp), 
7.44 (s, 1H, CHPh/Dipp), 7.47 (s, 1H, CHPh/Dipp), 7.51 (s, 1H, CHPh/Dipp), 7.53 (s, 1H, CHPh/Dipp); 
13C{1H} NMR ([D8]THF, 300 K, 100.61 MHz) δ /ppm = 19.4 (ortho-CH3), 19.4 (ortho-CH3), 
21.3 (para-CH3), 21.4 (para-CH3), 91.1 (Cp), 91.6 (Cp), 120.5, 122.6, 124.9, 128.8, 129.7, 129.9, 
130.1, 136.5, 138.0, 138.9, 155.8, 156.0, 179.3 (CCarbene), 179.4 (CCarbene); 31P{1H} NMR 
([D8]THF, 300 K, 100.61 MHz) δ /ppm = −150.1 (m, 1P), −96.4 (m, 1P), −75.0 (m, 1P), 32.1 (m, 
1P); 31P{1H} NMR ([D8]THF, 193 K, 100.61 MHz) δ /ppm = −151.8 (m, 1P), −105.5 (m, 1P), 
−78.0 (m, 1P), 27.8 (m, 1P). 
 




Figure S2. 1H (top), 13C{1H} (middle), and  31P{1H} NMR spectrum (bottom) of 2a (400.16/100.61/161.98 MHz, 
[D8]THF, 300 K). 




Figure S3. 1H NMR spectrum of 2a (400.16 MHz, [D8]THF, 193 K). The signals assigned to 2b are labeled with an 
asterisk. 
 
5.4.4 Synthesis of 2b  
A solution of phenyl isothiocyanate (176 mg, 1.30 mmol, 7.0 eq) in tetrahydrofuran (3 mL) was 
added to a solution of 1Mes (201 mg, 0.186 mmol, 1.0 eq) in tetrahydrofuran (2 mL) at room 
temperature. After stirring this solution for 25 hours the solvent was removed in vacuum, and the 
residue was washed with n-hexane (5 mL). The residue was extracted with diethyl ether (8 mL) 
and after filtration reduced in volume to 3 mL. Dark yellow crystals formed upon storing this 
solution at −35 °C for one day. X-ray quality crystals of 2b were obtained by recrystallizing from 
toluene (1.5 mL) and diffusing n-hexane into this solution. Yield 34 mg (16%); m.p. >170 °C 
(slow decomp. to a black solid); UV/Vis (THF, λmax /nm, (εmax /L·mol−1·cm−1)): 348 (22600), 400 
(14400), 503 (7400), 586sh (4600); elemental analysis calcd. for C61H71N5NiP4S (M = 1147.62): 
C 63.84, H 6.24, N 6.10, found: C 63.95, H 6.24, N 6.08; 1H NMR ([D8]THF, 300 K, 
400.13 MHz) δ /ppm = 2.13 (s, 6H, para-CH3), 2.20 (s, 12H, ortho-CH3), 2.30 (s, 6H, para-CH3), 
2.38 (s, 6H, ortho-CH3), 4.18 (s, 5H, Cp), 4.65 (s, 5H, Cp), 6.84 (s, 2H, CHPh/Dipp), 6.97 (s, 2H, 
CHPh/Dipp), 7.00 (m, 1H, para-CHPh), 7.02 (m, 3H, CHPh/Dipp), 7.09 (s, 2H, CHPh/Dipp), 7.14−7.16 
(m, 3H, CHPh/Dipp), 7.24−7.27 (m, 4H, CHPh/Dipp); 1H NMR ([D8]THF, 193 K, 400.13 MHz) δ /ppm 
= 1.90 (s, 3H, CH3), 1.97 (s, 3H, CH3), 2.17 (s, 3H, CH3), 2.23 (s, 9H, CH3), 2.24 (s, 3H, CH3), 
2.27 (s, 3H, CH3), 2.36 (s, 3H, CH3), 2.51 (s, 3H, CH3), 2.54 (s, 6H, CH3), 4.10 (s, 5H, Cp), 4.58 
(s, 5H, Cp), 6.59 (s, 1H, CHPh/Dipp), 6.73 (s, 1H, CHPh/Dipp), 6.94 (s, 1H, CHPh/Dipp), 6.96 (s, 1H, 
CHPh/Dipp), 6.99 (s, 2H, NCH), 7.06 (s, 1H, CHPh/Dipp), 7.11 (s, 1H, CHPh/Dipp), 7.22 (d, 3JHH = 
7.5 Hz, 1H, CHPh/Dipp), 7.30−7.36 (m, 5H, CHPh/Dipp), 7.41 (s, 1H, CHPh/Dipp), 7.49 (s, 1H, 
CHPh/Dipp), 7.55 (s, 1H, CHPh/Dipp); 13C{1H} NMR ([D8]THF, 300 K, 100.61 MHz) δ /ppm = 19.4 
(ortho-CH3), 19.7 (ortho-CH3), 21.2 (para-CH3), 21.2 (para-CH3), 90.9 (Cp), 92.5 (Cp), 125.0, 
125.3, 126.3, 128.7, 129.7, 129.9, 136.5, 137.1, 137.8, 138.2, 138.9, 139.0, 146.8, 146.9, 178.0 
(CCarbene), 178.1 (CCarbene), 178.6 (NCS); 31P{1H} NMR ([D8]THF, 300 K, 100.61 MHz) δ /ppm = 
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−182.1 (m, 1P), −104.5 (m, 1P), 4.5 (m, 1P), 50.1 (m, 1P); 31P{1H} NMR ([D8]THF, 193 K, 
100.61 MHz) δ /ppm = −180.5 (m, 1P), −109.1 (m, 1P), 1.2 (m, 1P), 48.2 (m, 1P). 
 
 
Figure S4. 1H (top), 13C{1H} (middle), and  31P{1H} NMR spectrum (bottom) of 2b (400.16/100.61/161.98 MHz, 
[D8]THF, 300 K). 
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Figure S5. 1H NMR spectrum of 2b (400.16 MHz, [D8]THF, 193 K). 
 
 
Figure S6. 31P{1H} NMR spectrum (161.98 MHz, THF/C6D6-capillary) of the reaction of CS2 and 1Mes (10:1) after 
one hour; ■ = major species, ● = minor species. 




Figure S7. 31P{1H} NMR spectra (161.98 MHz, THF/C6D6-capillary) of the reaction of CS2 and 1Dipp (10:1) after 
1.5 hours (top) and after one day (bottom, 121.49 MHz). 
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Figure S8. 31P{1H} NMR monitoring (161.98 MHz, [D8]THF) of the reaction of PhNCS and 1Mes (7:1) at variable 
temperatures. 
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Figure S11. 31P{1H} NMR monitoring (161.98 MHz, [D8]THF) of a solution of 2a. 
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5.4.5 X-ray Crystallography 
The single crystal X-ray diffraction data were recorded on an Agilent Technologies Gemini Ultra 
R diffractometer and an Agilent Technologies SuperNova in case of 2b with Cu Kα radiation (λ 
= 1.54184 Å). Semi-empirical multi-scan absorption corrections1 and analytical ones2 were 
applied to the data. The structures were solved with SHELXT3 and least-square refinements on 
F2 were carried out with SHELXL.4  
CCDC 1446071-1446073 contain the supplementary crystallographic data for this paper. These 




Figure S13. Solid-state molecular structure of [{CpNi(IMes)}2(µ-η1:η1-P4)] (1Mes). The hydrogen atoms are omitted 
for clarity. Thermal ellipsoids are drawn at 40% level. Selected bond lengths [Å] and angles [°]: Ni1–P1 2.2207(6), 
Ni2–P2 2.2177(6), P1–P3 2.2239(7), P1–P4 2.2233(7), P3–P4 2.1681(8), P1–P2 2.9288(7), fold angle (of the planes 
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Table S1. Crystallographic data of 1, 2, and 3. 
Compound 1 2a 2b 
Empirical formula  C62.5H70N4Ni2P4  C76.5H83N5Ni2P4S  C73H79N5Ni2P4S  
Formula weight  1118.52  1345.83  1299.77  
Temperature [K]  123(1)  123(1)  123(1)  
Crystal system  triclinic  triclinic  triclinic  
Space group  P-1  P-1  P-1  
a [Å]  12.4093(4)  13.6251(4)  12.4533(2)  
b [Å] 13.1987(2)  14.0607(3)  15.5940(3)  
c [Å] 18.3557(4)  19.7007(5)  19.3068(3)  
α [°]  79.4323(17)  99.8667(19)  104.2274(14)  
β [°]  76.229(2)  99.819(2)  103.1281(14)  
γ [°]  84.6926(19)  98.0922(19)  106.3708(16)  
Volume [Å3]  2866.71(12)  3607.32(16)  3305.17(10)  
Z  2  2  2  
ρcalc [g/cm3]  1.296  1.239  1.306  
µ [mm−1] 2.190  2.096  2.269  
F(000)  1178.0  1418.0  1368.0  
Crystal size [mm3] 0.332 × 0.182 × 0.168  0.267 × 0.187 × 0.178  0.161 × 0.099 × 0.072  
Radiation  CuKα (λ = 1.54184)  CuKα (λ = 1.54184)  CuKα (λ = 1.54184)  
2Θ range for data collection [°] 9.13 to 133.45  7.34 to 133.25  6.58 to 146.95  
Index ranges  −14 ≤ h ≤ 14, −14 ≤ k 
≤ 15, −21 ≤ l ≤ 19  
−16 ≤ h ≤ 16, −16 ≤ k ≤ 
16, −23 ≤ l ≤ 23  
−15 ≤ h ≤ 15, −18 ≤ k ≤ 
19, −23 ≤ l ≤ 23  
Reflections collected  25046  65571  31085  
Independent reflections  10078 [Rint = 0.0256, Rsigma = 0.0285]  
12645 [Rint = 0.0489, 
Rsigma = 0.0324]  
12849 [Rint = 0.0374,  
Rsigma = 0.0442]  
Data / restraints / parameters  10078/0/652  12645/4/754  12849/2/742  
Goodness-of-fit on F2  1.030  1.050  1.032  
Final R indexes [I>=2σ (I)]  R1 = 0.0379,  
wR2 = 0.0966  
R1 = 0.0753,  
wR2 = 0.2095  
R1 = 0.0574,  
wR2 = 0.1646  
Final R indexes [all data]  R1 = 0.0426,  
wR2 = 0.1006  
R1 = 0.0845,  
wR2 = 0.2185  
R1 = 0.0721,  
wR2 = 0.1791  
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5.4.6 Computational Details 
Density functional calculations were performed using Gaussian09, revision D.015 at the ωB97X-
D level of theory.6 Geometry optimizations were performed using the 6-311G(d,p)7 basis set for 
all atoms. The nature of each stationary point was validated by frequency calculations.  
The Synchronous Transit-Guided Quasi-Newton (STQN) Method was used for the transition state 
search.8 The geometry optimizations of the starting materials and QST2 optimizations were 
performed at the ωB97X-D6 level of theory using LANL2DZ9 for Ni and the 6-31G(d,p)7 basis 
set for the C, H, N, P, and S atoms. One imaginary frequency was found for each transition state 
structure which corresponds to the nuclear motion along the reaction coordinate. Moreover, 
intrinsic reaction coordinate (IRC) calculations were conducted to confirm the transition states. 
 
Figure S14. a) Calculated, relative Gibbs free energies (kcal/mol) of 1Ph, 2aPh, and 2bPh; b) optimized structures of 
further isomers which potentially correspond to 2c, including their relative Gibbs free energies referring to 




electronic energy E/ a.u. −6145.58651995 
thermal enthalpy H/ a.u. −6144.889305 
total free Gibbs energy at 298 K G/ a.u. −6145.019660 
 
Cartesian Coordinates: 
 Ni                -3.37594200   -0.31682500    0.57778400 
 P                 -1.47982800   -0.16526700   -0.57429600 
 C                 -4.04439200    1.08664200   -0.45300200 
 C                 -3.29108600   -2.30390200    1.26078200 
 H                 -2.64675500   -3.04865300    0.81808600 
 C                 -5.04243100   -0.92882200    1.70212100 
 H                 -6.01634000   -0.46174800    1.65640100 
 C                 -4.62930700   -2.04827500    0.92617900 
 H                 -5.20617800   -2.53414800    0.15320800 
 C                 -2.90819700   -1.41047700    2.32570100 
 H                 -1.93887700   -1.38794700    2.80113700 
 C                 -4.00824500   -0.60105900    2.63187600 
 H                 -4.04946600    0.16222000    3.39384500 
 Ni                 3.37647200    0.31719400    0.57834200 
 P                  1.48019300    0.16725200   -0.57365900 
 C                  4.04362500   -1.08698300   -0.45245600 
 C                  2.90944300    1.41261400    2.32473700 
 H                  1.94026900    1.39134000    2.80052200 
 C                  4.00909400    0.60289400    2.63180600 
 H                  4.04984300   -0.15979500    3.39439600 
 C                  5.04351300    0.92927700    1.70187700 
 H                  6.01722800    0.46174300    1.65673400 
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 C                  3.29297700    2.30501400    1.25921000 
 H                  2.64917600    3.04980400    0.81580600 
 C                  4.63105400    2.04833500    0.92495200 
 H                  5.20833800    2.53341800    0.15180400 
 P                  0.12837300   -1.08060800    0.67051700 
 P                 -0.12824000    1.08039800    0.67246600 
 N                  3.85909400   -2.43185100   -0.39219200 
 C                  3.01427800   -3.10905700    0.53765300 
 C                  4.56960100   -3.08740700   -1.38697400 
 N                 -3.86051300    2.43160400   -0.39290800 
 C                 -3.01560300    3.10920900    0.53657400 
 C                 -4.57132500    3.08665700   -1.38779200 
 N                  4.88870800   -0.92800900   -1.50451900 
 C                  5.35255200    0.34119100   -1.96696100 
 C                  5.22145900   -2.14012800   -2.08579300 
 N                 -4.88937100    0.92708000   -1.50501800 
 C                 -5.35264700   -0.34251100   -1.96695700 
 C                 -5.22276900    2.13895600   -2.08644600 
 C                 -4.44410300   -1.24193100   -2.50771900 
 C                 -6.69583300   -0.66329800   -1.84067500 
 C                 -4.89462700   -2.48787600   -2.91948600 
 C                  3.16750100   -2.88696100    1.89763400 
 C                  2.04774400   -3.98379800    0.05995600 
 C                 -7.13953800   -1.91046100   -2.26282700 
 C                  4.44446700    1.24078400   -2.50821100 
 C                  6.69589200    0.66136800   -1.84079600 
 C                  2.32752800   -3.53811300    2.78965000 
 C                  4.89563500    2.48629100   -2.92060000 
 H                 -4.18979900   -3.20021200   -3.33146500 
 C                 -6.23883600   -2.82369100   -2.79722500 
 C                 -3.16926600    2.88822100    1.89668100 
 C                 -2.04858200    3.98315000    0.05842800 
 C                  1.22295800   -4.64306600    0.96064700 
 H                  5.87605400   -2.20480200   -2.93734700 
 H                  0.45721900   -5.31564700    0.59285800 
 C                  1.35809600   -4.41757900    2.32463300 
 H                  4.55026100   -4.15837600   -1.48816800 
 H                 -8.18629000   -2.17128200   -2.16011700 
 H                 -5.87741600    2.20317600   -2.93799300 
 H                  4.19116400    3.19876700   -3.33295000 
 C                  6.24000700    2.82150100   -2.79845700 
 H                 -4.55246400    4.15761700   -1.48920200 
 C                 -2.32924700    3.53968700    2.78841900 
 C                  7.14023700    1.90809500   -2.26356100 
 C                 -1.22375300    4.64277300    0.95883100 
 H                  2.43312100   -3.35634000    3.85256600 
 C                 -1.35934200    4.41839900    2.32295800 
 H                  8.18711500    2.16844300   -2.16093400 
 H                 -2.43516500    3.35875300    3.85144500 
 H                 -0.45764000    5.31475200    0.59072200 
 H                  0.69963000   -4.91889200    3.02406900 
 H                  1.91802100   -4.11274700   -1.00822200 
 H                  3.92928100   -2.20017400    2.24030400 
 H                  3.39803300    0.96530800   -2.58002300 
 H                  7.37845900   -0.05314400   -1.39508600 
 H                  6.58670200    3.79725800   -3.11888000 
 H                 -7.37877000    0.05109300   -1.39534100 
 H                 -6.58501900   -3.79979200   -3.11715500 
 H                 -3.39782600   -0.96592600   -2.57970100 
 H                 -0.70084200    4.91998900    3.02216300 
 H                 -3.93140600    2.20197900    2.23963800 




electronic energy E/ a.u. −722.64982621 
thermal enthalpy H/ a.u. −722.539229 
total free Gibbs energy at 298 K G/ a.u. −722.581603 
 
Cartesian Coordinates: 
 C                  2.05512100   -0.18514500   -0.00017900 
 S                  3.60154000    0.14662000    0.00002500 
 N                  0.91282700   -0.49904900   -0.00034300 
 C                 -0.44436400   -0.22268900   -0.00013100 
 C                 -0.89051000    1.09996800   -0.00012500 
 C                 -1.35399500   -1.27757400    0.00004700 
 H                 -0.16800100    1.90721900   -0.00027700 
 C                 -2.25288600    1.35708900    0.00008000 
 H                 -2.60172400    2.38320000    0.00009000 
 C                 -3.16721900    0.30944800    0.00027400 
 H                 -0.98338600   -2.29506200    0.00002600 
 C                 -2.71401300   -1.00459300    0.00025500 
 H                 -4.23070500    0.51676400    0.00044000 




electronic energy E/ a.u. −6868.28335893 
thermal enthalpy H/ a.u. −6867.472885 
total free Gibbs energy at 298 K G/ a.u. −6867.619246 
 
Cartesian Coordinates: 
 Ni                -3.78067500   -0.50899400    0.59109300 
 P                 -1.84788500    0.20373200   -0.25684900 
 C                 -4.61599600    0.79515100   -0.44845300 
 C                 -3.41071700   -2.51307100    1.12957900 
 H                 -2.60935900   -3.08751200    0.69076300 
 C                 -3.26566600   -1.65314300    2.27911700 
 H                 -2.35195900   -1.52270600    2.83995100 
 Ni                 3.22953200   -0.84436700    0.93690700 
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 P                  1.50866700   -0.39555100   -0.43309700 
 C                  3.78242700   -2.14329800   -0.28060100 
 C                  2.73637500    0.24185700    2.64698400 
 H                  1.75795600    0.65555300    2.83512900 
 C                  3.20613300   -1.01521800    3.07996800 
 C                  4.50888500   -1.16287100    2.54616500 
 C                  3.81018400    0.93768100    1.98945500 
 P                 -0.22509700   -0.84325800    0.83099300 
 C                  1.55554200    1.45185700   -0.47718700 
 S                  0.57602000    2.48092200    0.64118600 
 P                 -0.90398600    1.17174000    1.47950100 
 N                  3.21220700   -3.34222600   -0.55748700 
 C                  2.01379100   -3.82375300    0.05176600 
 C                  3.88945100   -4.00296500   -1.57064100 
 N                 -4.69546800    2.13820300   -0.28561600 
 C                 -4.07830100    2.86593400    0.77863300 
 C                 -5.38731400    2.73531200   -1.32769500 
 N                  4.83651900   -2.07854300   -1.12932000 
 C                  5.72756300   -0.96469100   -1.21920900 
 C                  4.91680400   -3.20920300   -1.92710600 
 N                 -5.28182200    0.56852400   -1.60884000 
 C                 -5.41160000   -0.72216300   -2.20571000 
 C                 -5.76158600    1.74568600   -2.16054100 
 N                  2.38363500    1.97667800   -1.28605600 
 C                  2.57716700    3.36155200   -1.38904000 
 C                 -4.27111500   -1.37817500   -2.64921600 
 C                 -6.66406200   -1.30869800   -2.30489000 
 C                 -4.39316700   -2.64847200   -3.19284000 
 C                  1.97262800   -4.02841000    1.42353900 
 C                  0.90189300   -4.06824900   -0.74287800 
 C                 -6.77795600   -2.57857300   -2.85757800 
 C                  5.22960500    0.27866100   -1.58205700 
 C                  7.07052000   -1.14711400   -0.92070000 
 C                  0.79754700   -4.47979500    2.00656900 
 C                  6.09984200    1.35911700   -1.63776200 
 H                 -3.50711700   -3.16887400   -3.53657300 
 C                 -5.64314200   -3.24969400   -3.29675700 
 C                 -4.73637400   -2.44232500    0.69041600 
 C                 -4.45018600    2.61244400    2.09045100 
 C                 -3.10204400    3.80418800    0.47587800 
 C                 -5.39187400   -1.46737300    1.50439600 
 H                 -6.42258700   -1.15928800    1.39819000 
 C                 -4.50806600   -1.06289800    2.54815600 
 H                 -5.16338200   -2.94500800   -0.16476000 
 C                 -0.26331800   -4.53966100   -0.15281300 
 H                  5.68393200   -3.32712800   -2.67227600 
 H                  2.63811500   -1.75524000    3.62258000 
 H                 -1.13803700   -4.72473700   -0.76566700 
 C                 -0.31783100   -4.74205800    1.22035800 
 H                  3.58008100   -4.97041600   -1.92581100 
 H                  5.14437500   -2.03130200    2.64907500 
 C                  4.90524300    0.07993500    1.93496100 
 H                 -7.75206300   -3.04681600   -2.93460400 
 H                 -6.30503900    1.76186700   -3.08909300 
 H                  5.71272800    2.33231000   -1.91613300 
 C                  7.44763200    1.19261500   -1.33911500 
 H                 -5.54978900    3.79827400   -1.36683300 
 C                 -3.82662500    3.30868800    3.11593500 
 H                 -4.73030100   -0.37211300    3.34688100 
 C                  7.93389400   -0.06057300   -0.98465600 
 C                 -2.49172100    4.50483200    1.50768300 
 C                  3.66085100    3.96826400   -0.75138600 
 C                  1.73655400    4.13563800   -2.19176800 
 H                  0.75209400   -4.62662100    3.07899000 
 H                  3.73877800    1.93346200    1.57987700 
 H                  5.85800900    0.27587000    1.46560700 
 C                 -2.85170100    4.25583600    2.82614400 
 H                  8.98331300   -0.19325500   -0.74892700 
 H                 -4.09914700    3.10708700    4.14502100 
 H                 -1.71139700    5.22019900    1.27815300 
 H                  4.31553500    3.36113000   -0.13640500 
 C                  3.89176700    5.32865700   -0.90732000 
 H                  4.73398500    5.78876300   -0.40188100 
 C                  3.05309800    6.09822300   -1.70439500 
 H                  0.89903700    3.65575500   -2.68483100 
 C                  1.97628300    5.49332100   -2.34423900 
 H                  3.23765500    7.15893300   -1.82932900 
 H                  1.31694500    6.08507900   -2.97015500 
 H                 -2.79305900    3.94896800   -0.55267800 
 H                 -2.35939600    4.78888500    3.63082900 
 H                  7.42700300   -2.12574500   -0.61940300 
 H                  4.17674200    0.41694900   -1.80158500 
 H                 -3.30590000   -0.89456300   -2.55314200 
 H                 -5.73376300   -4.24234300   -3.72236900 
 H                 -7.53481000   -0.78249000   -1.93090100 
 H                 -1.23595900   -5.08746400    1.68103900 
 H                  2.85336100   -3.82135000    2.01758900 
 H                  0.94728200   -3.85923100   -1.80509600 
 H                  8.12166400    2.04048100   -1.38256100 
 H                 -5.20871800    1.86755400    2.29375600
 
2bPh: 
electronic energy E/ a.u. −6868.29212478 
thermal enthalpy H/ a.u. −6867.481530 




Ni                -3.43422700   -0.96413000    0.56412300 
 P                 -1.69137700   -0.20843500   -0.60927500 
 C                 -4.51440900    0.31980900   -0.26405600 
 C                 -2.83481600   -2.93944800    0.95960300 
 H                 -2.04872600   -3.41944700    0.39766500 
 C                 -2.62458300   -2.12749700    2.13356500 
 H                 -1.66235200   -1.93552200    2.58452600 
 Ni                 3.44814700   -0.22513500    0.66506700 
 P                  1.76185500   -0.34119500   -0.83522300 
 C                  4.20337100   -1.75476000   -0.09835400 
 C                  2.76079800    1.22733900    2.00075200 
 H                  1.73317700    1.55136400    2.05621200 
 C                  3.34059200    0.20220500    2.77299200 
 C                  4.67616200    0.06530700    2.31888000 
 C                  3.78250600    1.83222500    1.18500700 
 P                  0.10399600   -0.83743000    0.53549700 
 C                  1.40459900    1.43650900   -1.11260500 
 S                  2.29849400    2.25830500   -2.26492700 
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 P                 -0.68408600    1.20462600    0.75301800 
 N                  3.79133800   -3.04499300   -0.03221700 
 C                  2.62716800   -3.49401300    0.66229100 
 C                  4.61463500   -3.87820000   -0.77424900 
 N                 -4.70274900    1.64088200   -0.01967500 
 C                 -4.02124100    2.40487600    0.97636500 
 C                 -5.61398200    2.19480200   -0.90582100 
 N                  5.30576500   -1.80440700   -0.88536900 
 C                  6.07773500   -0.65765000   -1.24688400 
 C                  5.57209300   -3.09636200   -1.30750600 
 N                 -5.33318600    0.06635200   -1.31728000 
 C                 -5.46994200   -1.21523600   -1.93377800 
 C                 -6.01490100    1.20198300   -1.72114400 
 N                  0.44250500    2.02815200   -0.35830800 
 C                  0.17547000    3.42898500   -0.50867400 
 C                 -4.39152500   -1.76607900   -2.61203200 
 C                 -6.67266200   -1.89611600   -1.81848800 
 C                 -4.52360300   -3.02809500   -3.17378900 
 C                  2.51550800   -3.28667000    2.02952200 
 C                  1.62393900   -4.13860500   -0.04862600 
 C                 -6.79864800   -3.15551200   -2.39109400 
 C                  5.46654300    0.37723600   -1.93822400 
 C                  7.40851900   -0.58278100   -0.85945500 
 C                  1.37537500   -3.72162700    2.69008900 
 C                  6.19917800    1.51949600   -2.22597600 
 H                 -3.68325600   -3.46921800   -3.69631800 
 C                 -5.72316900   -3.72324100   -3.06370400 
 C                 -4.20748400   -2.98104200    0.68744000 
 C                 -4.01342400    1.97549700    2.29476900 
 C                 -3.37121100    3.57094000    0.59925500 
 C                 -4.83794500   -2.10439200    1.61872300 
 H                 -5.89650000   -1.88823400    1.65503100 
 C                 -3.86942600   -1.66416500    2.57235300 
 H                 -4.68874000   -3.48413800   -0.13799200 
 C                  0.49790500   -4.59034500    0.62579200 
 H                  6.40186700   -3.32593500   -1.95293300 
 H                  2.82928600   -0.42171700    3.48990800 
 H                 -0.29033700   -5.09232300    0.07684600 
 C                  0.36864900   -4.37730000    1.99224100 
 H                  4.44250400   -4.93830400   -0.83911400 
 H                  5.39492300   -0.66252500    2.66849100 
 C                  4.96611700    1.13148100    1.39605600 
 H                 -7.73357300   -3.69578500   -2.30077300 
 H                 -6.70515700    1.19098100   -2.54651000 
 H                  5.71280900    2.33790800   -2.74304300 
 C                  7.53210400    1.61201700   -1.84151600 
 H                 -5.89295400    3.23274000   -0.85709100 
 C                 -3.31772100    2.71371700    3.24137800 
 H                 -4.05606200   -1.04380400    3.43549900 
 C                  8.13889900    0.55845100   -1.16639300 
 C                 -2.68952800    4.31096600    1.55455600 
 C                 -0.66652000    3.86786400   -1.52257300 
 C                  0.73961900    4.33361200    0.38037700 
 H                  1.27268400   -3.54695400    3.75447500 
 H                  3.62852900    2.63823100    0.48241300 
 H                  5.91051300    1.29930400    0.90004600 
 C                 -2.65533900    3.87875100    2.87385700 
 H                  9.17684100    0.63095700   -0.86304300 
 H                 -3.29249400    2.37461100    4.27034500 
 H                 -2.15601800    5.20355800    1.25177900 
 H                 -1.08154300    3.13913700   -2.20928000 
 C                 -0.93703400    5.22293100   -1.65087700 
 H                 -1.58255500    5.56977400   -2.45029100 
 C                 -0.37106500    6.13609200   -0.76649200 
 H                  1.39817100    3.96883400    1.16047300 
 C                  0.46768700    5.68934400    0.24801500 
 H                 -0.57562800    7.19528900   -0.87553900 
 H                  0.91537200    6.39766800    0.93595100 
 H                 -3.35702000    3.87443500   -0.44042600 
 H                 -2.10341500    4.44561000    3.61430800 
 H                  7.85488400   -1.39791800   -0.30100400 
 H                  4.42494300    0.30852900   -2.22929400 
 H                 -3.46064100   -1.21434200   -2.67774100 
 H                 -5.82062400   -4.70881500   -3.50394700 
 H                 -7.49196700   -1.44882600   -1.26739700 
 H                 -0.52666200   -4.70498100    2.50745100 
 H                  3.31242200   -2.77777100    2.55618000 
 H                  1.71930000   -4.25823400   -1.12143500 
 H                  8.09911000    2.50840800   -2.06510000 
 H                 -4.53825100    1.06882800    2.56245500
 
2cAdd1: 
electronic energy E/ a.u. −6868.27270590 
thermal enthalpy H/ a.u. −6867.461964 




Ni                -3.65574100   -0.88429700   -0.84699800 
 P                 -1.66471200   -0.20921400   -0.15391700 
 C                 -4.20924800   -0.67710200    0.92603800 
 C                 -3.79421700   -0.39327700   -2.90317300 
 H                 -3.22571400    0.39710500   -3.37005700 
 C                 -3.33813100   -1.75129400   -2.72694000 
 H                 -2.38631800   -2.13681800   -3.06247100 
 Ni                 3.26260300   -0.98553000   -1.09687600 
 P                  1.27979400   -0.51747200   -0.36345100 
 C                  3.87350400    0.75928200   -0.73861200 
 C                  2.91292800   -2.71288000   -2.24467000 
 H                  1.95922000   -2.95649700   -2.68953800 
 C                  3.95800500   -2.00847800   -2.85114400 
 C                  4.97359800   -1.84569200   -1.85754900 
 C                  3.32877800   -3.08761200   -0.91019700 
 P                 -0.26358600   -0.15779600   -1.87812000 
 C                  1.16274100    0.51236800    1.18026200 
 S                  1.23427900   -0.38351200    2.63506400 
 P                 -0.34639100   -1.95207000   -0.53448000 
 N                  3.52366700    1.93875300   -1.30244500 
 C                  2.55566400    2.11916900   -2.33856900 
 C                  4.19893000    2.99361600   -0.71643200 
 N                 -3.92872200   -1.43368400    2.01165000 
 C                 -3.06932500   -2.57858500    1.99410700 
 C                 -4.48782600   -0.89861800    3.16005600 
 N                  4.79330500    1.09701900    0.19452600 
 C                  5.48815200    0.16529000    1.03143600 
 C                  5.00460500    2.46336400    0.22337000 
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 N                 -4.96813300    0.33351300    1.41662100 
 C                 -5.43838100    1.42128600    0.62027900 
 C                 -5.14915100    0.21382000    2.78574900 
 N                  1.13125600    1.77067300    0.92384200 
 C                  0.93386100    2.70890400    1.94587400 
 C                 -4.51411100    2.29815600    0.06825300 
 C                 -6.79734100    1.56502100    0.38613900 
 C                 -4.96361200    3.32771900   -0.74518200 
 C                  2.74494200    1.50733300   -3.56912300 
 C                  1.45351600    2.92619100   -2.09336000 
 C                 -7.23969600    2.60435400   -0.42315700 
 C                  4.82785300   -0.42516800    2.09689500 
 C                  6.81298700   -0.13179200    0.74073300 
 C                  1.80707900    1.70339200   -4.57379200 
 C                  5.51273200   -1.35033500    2.87486000 
 H                 -4.24847800    4.01271000   -1.18465700 
 C                 -6.32374400    3.48097400   -0.99231100 
 C                 -5.07749500   -0.28962500   -2.36006000 
 C                 -3.47793400   -3.73308700    1.34152500 
 C                 -1.82667700   -2.48914600    2.60207900 
 C                 -5.39061100   -1.55988100   -1.77974800 
 H                 -6.30785300   -1.79635800   -1.25912200 
 C                 -4.35792700   -2.48581800   -2.10219200 
 H                 -5.68447900    0.60189600   -2.30285300 
 C                  0.53082000    3.12795300   -3.11096300 
 H                  5.69237900    2.91676100    0.91539600 
 H                  3.96420800   -1.59660700   -3.84834400 
 H                 -0.34091500    3.74388600   -2.92448100 
 C                  0.70489800    2.51880300   -4.34791200 
 H                  4.03709300    4.01135400   -1.02506900 
 H                  5.90742800   -1.31991100   -1.99555600 
 C                  4.62273700   -2.60771000   -0.69971900 
 H                 -8.29931900    2.72247100   -0.61647900 
 H                 -5.71323900    0.93337400    3.35301000 
 H                  4.99969800   -1.82354800    3.70368600 
 C                  6.83716400   -1.66510800    2.59361600 
 H                 -4.35886400   -1.36196800    4.12243800 
 C                 -2.62257600   -4.82557800    1.30757800 
 H                 -4.32417200   -3.53142300   -1.83775500 
 C                  7.48986300   -1.05273700    1.52860000 
 C                 -0.97877900   -3.58865100    2.56476800 
 C                  1.91492600    3.65593700    2.23635600 
 C                 -0.29750000    2.78110100    2.60618700 
 H                  1.94065600    1.22105800   -5.53473700 
 H                  2.72392800   -3.63678300   -0.20428900 
 H                  5.20646300   -2.69457300    0.20382200 
 C                 -1.37733100   -4.75462900    1.92354800 
 H                  8.52283000   -1.29502300    1.30832900 
 H                 -2.92686800   -5.73099500    0.79572200 
 H                  0.00636000   -3.50368400    3.00671900 
 H                  2.86750700    3.59265700    1.72282900 
 C                  1.67531500    4.65026700    3.17754800 
 H                  2.45132300    5.37489300    3.40189300 
 C                  0.45108800    4.72195000    3.82917900 
 H                 -1.05049600    2.03776800    2.36862300 
 C                 -0.53303400    3.78142500    3.53539600 
 H                  0.26400400    5.50031100    4.56035000 
 H                 -1.49245400    3.82669900    4.04035700 
 H                 -1.49224200   -1.55670800    3.04283700 
 H                 -0.70769600   -5.60621200    1.88601800 
 H                  7.29702800    0.34423200   -0.10475100 
 H                  3.78639700   -0.19078600    2.30217600 
 H                 -3.45811000    2.15572800    0.26856500 
 H                 -6.67058900    4.28524500   -1.63069600 
 H                 -7.49451100    0.85458300    0.81521200 
 H                 -0.02757600    2.66723400   -5.13276400 
 H                  3.61693700    0.88504200   -3.72641500 
 H                  1.29992300    3.32606100   -1.09893900 
 H                  7.36487900   -2.38761500    3.20571500 
 H                 -4.44738700   -3.75905700    0.85913000
 
2cAdd2: 
electronic energy E/ a.u. −6868.27571923 
thermal enthalpy H/ a.u. −6867.465505 




Ni                 3.64477900    0.54681800   -1.12046200 
 P                  1.48815300    0.76933500   -0.75352700 
 C                  3.83750600    0.57796700    0.74317000 
 C                  3.88197000   -0.41904400   -2.99786700 
 H                  3.17120400   -1.11850600   -3.41340900 
 C                  3.81900300    1.01616800   -3.14020600 
 H                  3.06343000    1.55477700   -3.69195700 
 Ni                -2.93813100   -1.66114900   -1.03363700 
 P                 -1.20769000   -0.39768700   -0.72409900 
 C                 -3.34462100   -1.69728500    0.80310500 
 C                 -2.59050200   -2.50116800   -2.93851500 
 H                 -1.60947300   -2.66585400   -3.35895000 
 C                 -3.34844400   -3.41546400   -2.20204300 
 C                 -4.53386500   -2.72908100   -1.78410100 
 C                 -3.35274900   -1.27855600   -3.06422500 
 P                  0.74610400   -1.30340100   -0.47486000 
 C                 -1.44815200    1.14474500    0.29997400 
 S                 -1.35003700    0.92460900    1.99667100 
 P                  0.25728000   -0.17446500   -2.34555400 
 N                 -2.72539600   -2.31621500    1.83567400 
 C                 -1.50524400   -3.05328700    1.75884500 
 C                 -3.37052200   -2.05445200    3.03176500 
 N                  3.48955700    1.55158300    1.62203000 
 C                  2.95504500    2.83080200    1.25300900 
 C                  3.71355700    1.15753500    2.92866500 
 N                 -4.40397700   -1.07799800    1.37227900 
 C                 -5.34130100   -0.26191600    0.66240800 
 C                 -4.43045600   -1.27882100    2.73964800 
 N                  4.30402600   -0.42205600    1.53357500 
 C                  4.82814900   -1.65722600    1.04024800 
 C                  4.23316700   -0.08450700    2.87599500 
 N                 -1.72686900    2.12904100   -0.47955200 
 C                 -1.96354600    3.44397100   -0.06604200 
 C                  3.95982100   -2.66361200    0.64514200 
 C                  6.20307200   -1.81992800    0.94760000 
 C                  4.47874900   -3.84245700    0.12757900 
 C                 -1.41107500   -4.15112200    0.91605100 
 C                 -0.43235000   -2.65994900    2.54886200 
 C                  6.71593200   -3.00539900    0.43711600 
 C                 -4.93917900    0.97845100    0.19133300 
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 C                 -6.62761900   -0.73542800    0.44524500 
 C                 -0.22168600   -4.86559300    0.86160100 
 C                 -5.83771800    1.75091000   -0.53104700 
 H                  3.80156800   -4.62088700   -0.20440900 
 C                  5.85420800   -4.01440200    0.02170700 
 C                  5.00383200   -0.73231800   -2.22818900 
 C                  3.73358900    3.68637500    0.48778600 
 C                  1.66436300    3.16856800    1.63532100 
 C                  5.60295400    0.50700700   -1.83334100 
 H                  6.48421700    0.60262200   -1.21502200 
 C                  4.93069900    1.57663100   -2.48701800 
 H                  5.31782900   -1.71656600   -1.91428400 
 C                  0.74521400   -3.39398900    2.50245400 
 H                 -5.18458600   -0.83564100    3.36556500 
 H                 -3.07059400   -4.42591700   -1.94538600 
 H                  1.58999800   -3.08676400    3.10822300 
 C                  0.85319000   -4.49411600    1.66013800 
 H                 -3.01166200   -2.44740400    3.96634400 
 H                 -5.31825700   -3.15096500   -1.17223400 
 C                 -4.57820100   -1.44888900   -2.41323300 
 H                  7.78809100   -3.13549700    0.35032100 
 H                  4.55519800   -0.75863500    3.65031200 
 H                 -5.51986900    2.71550100   -0.90846700 
 C                 -7.12671600    1.28542000   -0.76556200 
 H                  3.48563500    1.80144600    3.75997100 
 C                  3.20137200    4.90476500    0.08759100 
 H                  5.17119000    2.62625500   -2.41609900 
 C                 -7.52344800    0.04646100   -0.27308400 
 C                  1.14693000    4.39495600    1.24204900 
 C                 -1.57522600    4.43816900   -0.97416800 
 C                 -2.57543700    3.83689800    1.13183600 
 H                 -0.13986300   -5.71884300    0.19864900 
 H                 -3.01889000   -0.38992100   -3.57862100 
 H                 -5.35936100   -0.71223100   -2.30401200 
 C                  1.91074200    5.25751800    0.46524200 
 H                 -8.52811300   -0.31677300   -0.45494900 
 H                  3.79555800    5.57534100   -0.52246200 
 H                  0.12799700    4.65281900    1.50587000 
 H                 -1.11360200    4.11795400   -1.90083100 
 C                 -1.75074500    5.78051300   -0.68322500 
 H                 -1.42551900    6.53180600   -1.39512600 
 C                 -2.34984200    6.16443800    0.51407200 
 H                 -2.87049600    3.08632900    1.85151300 
 C                 -2.76921200    5.18645600    1.40723400 
 H                 -2.49546000    7.21448900    0.74223300 
 H                 -3.24328800    5.47318600    2.34010900 
 H                  1.04226500    2.45730000    2.16885800 
 H                  1.48656600    6.20075800    0.14073000 
 H                 -6.91220300   -1.71178000    0.82105300 
 H                 -3.93001800    1.32123000    0.37287800 
 H                  2.88986900   -2.51003800    0.71158800 
 H                  6.25653000   -4.93281600   -0.38977100 
 H                  6.85810800   -1.01241500    1.25344700 
 H                  1.78027700   -5.05491200    1.62061600 
 H                 -2.26483900   -4.43531800    0.31493800 
 H                 -0.51289400   -1.75810600    3.14335300 
 H                 -7.82520200    1.88936900   -1.33322700 
 H                  4.73274400    3.38463800    0.19768600
 
(E)-2cIns1: 
electronic energy E/ a.u. −6868.27175336 
thermal enthalpy H/ a.u. −6867.461189 
total free Gibbs energy at 298 K G/ a.u. −6867.607389 
 
Cartesian Coordinates: 
 Ni                -4.29601900    0.13388600   -0.68372200 
 P                 -2.80699400    0.91889900    0.77604700 
 C                 -5.05453200   -0.85530400    0.71467500 
 C                 -4.43577700    1.62664600   -2.18545400 
 H                 -4.19267900    2.66492100   -2.01711800 
 C                 -3.49306500    0.60428300   -2.56935600 
 H                 -2.44236600    0.76843700   -2.75734700 
 Ni                 4.30255300   -1.38179200    0.60868400 
 P                  0.03759800    1.12241100    1.52202600 
 C                  4.38987700   -0.25181300   -0.87201400 
 C                  4.49011400   -3.11002300    1.79102300 
 H                  3.64094700   -3.62463900    2.21636700 
 C                  5.08585400   -3.37970500    0.54878400 
 C                  6.08489200   -2.38472000    0.36144700 
 C                  5.23480100   -2.06133500    2.44658800 
 P                 -1.03424700    1.65782200   -0.36536000 
 C                  1.75850900    0.73388700    0.82897900 
 S                  2.24494400   -0.89406800    1.23412800 
 P                 -1.08267100   -0.40344200    0.37698900 
 N                  3.68397800   -0.33596000   -2.02019900 
 C                  2.68545700   -1.32354300   -2.28285000 
 C                  4.00868500    0.69475700   -2.88663700 
 N                 -4.67604800   -2.01950600    1.30032400 
 C                 -3.50919800   -2.76800800    0.95515700 
 C                 -5.54675100   -2.38395200    2.31548300 
 N                  5.20038900    0.81566900   -1.05456600 
 C                  6.09547500    1.31886600   -0.06449700 
 C                  4.96607800    1.42009700   -2.27712300 
 N                 -6.18304800   -0.50979700    1.38571900 
 C                 -6.94048300    0.66913000    1.10778700 
 C                 -6.50010100   -1.43472500    2.36646700 
 N                  2.49803700    1.56029500    0.19342200 
 C                  2.15089000    2.90588300    0.02089700 
 C                 -6.36099400    1.91303000    1.31476700 
 C                 -8.22564400    0.54764900    0.60056100 
 C                 -7.08146000    3.05370400    0.99159000 
 C                  3.07197800   -2.63852800   -2.49802600 
 C                  1.35064800   -0.95141800   -2.30793800 
 C                 -8.94344900    1.69558300    0.28844400 
 C                  5.59174300    1.71837900    1.16578700 
 C                  7.45437500    1.37374800   -0.33928800 
 C                  2.10034700   -3.59860000   -2.74115900 
 C                  6.47172700    2.17284700    2.13695500 
 H                 -6.63185900    4.02817700    1.13945100 
 C                 -8.36915400    2.94687600    0.47706500 
 C                 -5.69627900    1.03561500   -2.06665500 
 C                 -3.34811300   -3.22339400   -0.34446500 
 C                 -2.54314100   -3.00476000    1.92332700 
 C                 -5.52561700   -0.36590300   -2.29477800 
 H                 -6.31422900   -1.10416500   -2.25436100 
 C                 -4.18408400   -0.60774200   -2.70976800 
 H                 -6.61183300    1.52323500   -1.76675800 
 C                  0.38353000   -1.91708800   -2.55145100 
 H                  5.48325700    2.31371100   -2.57955000 
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 H                  4.76676000   -4.11690600   -0.17158600 
 H                 -0.66369900   -1.63940400   -2.52881600 
 C                  0.75822600   -3.23626200   -2.77186200 
 H                  3.53457800    0.80241800   -3.84648800 
 H                  6.71627200   -2.28036500   -0.50963400 
 C                  6.23868400   -1.64154200    1.58420300 
 H                 -9.94472000    1.60979900   -0.11688300 
 H                 -7.35797900   -1.31885600    3.00556300 
 H                  6.08699500    2.48361800    3.10115100 
 C                  7.83691700    2.23051900    1.87730800 
 H                 -5.40557100   -3.28425200    2.88757000 
 C                 -2.18644300   -3.90252100   -0.68345100 
 H                 -3.76062300   -1.55633500   -3.00241500 
 C                  8.32727700    1.83550600    0.63825100 
 C                 -1.38655700   -3.68989000    1.57541600 
 C                  2.00469300    3.42450500   -1.26780500 
 C                  2.03529600    3.76891300    1.11397600 
 H                  2.39078300   -4.62927000   -2.90919800 
 H                  5.00555600   -1.64859400    3.41719400 
 H                  6.94615700   -0.84346200    1.75221400 
 C                 -1.20264700   -4.12952100    0.27069600 
 H                  9.39090400    1.87671100    0.43466300 
 H                 -2.04895800   -4.24979300   -1.70081900 
 H                 -0.61021300   -3.84024000    2.31529400 
 H                  2.10911500    2.75266300   -2.11171700 
 C                  1.71461600    4.76708700   -1.45529600 
 H                  1.58482300    5.15180900   -2.46112500 
 C                  1.58796100    5.62057500   -0.36393600 
 H                  2.17093700    3.37368700    2.11491900 
 C                  1.75370200    5.11424400    0.91892800 
 H                  1.36740100    6.67108900   -0.51381700 
 H                  1.66281800    5.77039400    1.77766200 
 H                 -2.67292300   -2.60424300    2.92204800 
 H                 -0.28191200   -4.62807500   -0.00731700 
 H                  7.82312200    1.03706300   -1.30173700 
 H                  4.52311700    1.66089400    1.33161200 
 H                 -5.35388700    1.97474100    1.71083200 
 H                 -8.92558900    3.84134900    0.22213600 
 H                 -8.64629900   -0.43686500    0.43092900 
 H                  0.00201700   -3.98934600   -2.96230500 
 H                  4.12367200   -2.89531800   -2.46353100 
 H                  1.07348700    0.07366100   -2.09011800 
 H                  8.52047100    2.58403100    2.64064300 
 H                 -4.12153900   -3.02828500   -1.07558200
 
(Z)-2cIns1: 
electronic energy E/ a.u. −6868.27110289 
thermal enthalpy H/ a.u. −6867.460233 




Ni                -3.83961900   -0.12536400    0.66984900 
 P                 -2.63099800   -0.73992200   -1.10118900 
 C                 -4.77282800    1.14874700   -0.32810300 
 C                 -3.12293800   -1.57978800    1.96353800 
 H                 -2.35223300   -2.28694000    1.69576800 
 C                 -2.89607200   -0.32035800    2.60261500 
 H                 -1.93276800    0.10310200    2.84760500 
 Ni                 2.50350900    0.40879300    1.04354100 
 P                  0.06307300   -0.83018600   -2.33921000 
 C                  3.71438800   -1.00169700    0.76981700 
 C                  0.83340700    1.33518900    2.01887700 
 H                 -0.09987700    1.48647200    1.49965800 
 C                  1.19483200    0.20956000    2.75287500 
 C                  2.58051300    0.36602100    3.09005200 
 C                  1.95592000    2.24269000    1.99059300 
 P                 -0.60182800   -0.95008100   -0.23182900 
 C                  1.83775900   -0.26331400   -2.09253500 
 S                  2.25497400    1.12293500   -1.05819200 
 P                 -1.05604200    0.83890900   -1.36111000 
 N                  3.51306100   -2.33501100    0.65080200 
 C                  2.24357100   -2.99879900    0.62616300 
 C                  4.71226600   -3.03087800    0.65497000 
 N                 -4.51350500    2.45066500   -0.62437100 
 C                 -3.30757300    3.15692700   -0.32569500 
 C                 -5.55828000    3.02471900   -1.33417400 
 N                  5.06350600   -0.88083800    0.83533100 
 C                  5.75401000    0.36048800    0.99148700 
 C                  5.68894600   -2.11176000    0.77115300 
 N                 -5.99959000    0.93400700   -0.87358900 
 C                 -6.70883800   -0.30496100   -0.80818900 
 C                 -6.49491700    2.07213600   -1.48769600 
 N                  2.64790300   -0.92836600   -2.82138900 
 C                  4.01579700   -0.62619500   -2.90291200 
 C                 -6.17801300   -1.43585800   -1.41239500 
 C                 -7.92010500   -0.35369000   -0.13215800 
 C                 -6.86717000   -2.63677700   -1.31792900 
 C                  1.56337600   -3.19426800    1.82030100 
 C                  1.74927900   -3.48751500   -0.57318600 
 C                 -8.60806100   -1.55754400   -0.05234800 
 C                  5.65461700    1.32409400    0.00011500 
 C                  6.49370300    0.58062600    2.14545300 
 C                  0.35883500   -3.88187600    1.81032500 
 C                  6.29873500    2.53968100    0.18177800 
 H                 -6.45194200   -3.52506200   -1.77892600 
 C                 -8.07897700   -2.70040300   -0.63959000 
 C                 -4.52726500   -1.80386400    1.86295000 
 C                 -2.75853400    3.10379700    0.94673600 
 C                 -2.68955300    3.88270500   -1.33671700 
 C                 -5.15606900   -0.62721100    2.28436700 
 H                 -6.21946100   -0.43776200    2.28335200 
 C                 -4.14755500    0.28718600    2.75493100 
 H                 -5.00788400   -2.67329900    1.44090200 
 C                  0.54628800   -4.18307400   -0.57339100 
 H                  6.76044500   -2.20757600    0.78348100 
 H                  0.58839700   -0.66786600    2.91477700 
 H                  0.13813400   -4.54261500   -1.50989700 
 C                 -0.14782100   -4.37810400    0.61365600 
 H                  4.74575700   -4.10228800    0.56152900 
 H                  3.17466200   -0.34354900    3.64943400 
 C                  3.00538000    1.68221600    2.72085600 
 H                 -9.55181500   -1.60374600    0.47814400 
 H                 -7.45227200    2.08610900   -1.97857800 
 H                  6.21845300    3.30107100   -0.58488100 
 C                  7.03946000    2.77886600    1.33368800 
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 H                 -5.53670100    4.05437200   -1.64505800 
 C                 -1.56532200    3.76678400    1.20001300 
 H                 -4.34690800    1.25692800    3.18726100 
 C                  7.14250000    1.79722400    2.31289500 
 C                 -1.50205700    4.54867000   -1.07216500 
 C                  4.95128200   -1.56511000   -2.47383600 
 C                  4.46793100    0.56019100   -3.48935400 
 H                 -0.18538700   -4.02763000    2.73616400 
 H                  1.96979400    3.19053400    1.47276200 
 H                  3.99067500    2.09934000    2.86508000 
 C                 -0.93246300    4.48292800    0.19266100 
 H                  7.71566200    1.98176700    3.21395500 
 H                 -1.12390100    3.71275900    2.18818400 
 H                 -1.00444200    5.09069300   -1.86707900 
 H                  4.60134100   -2.49796700   -2.04833700 
 C                  6.31143900   -1.30546400   -2.58125300 
 H                  7.02470100   -2.04289900   -2.22837500 
 C                  6.75871900   -0.12006600   -3.14962500 
 H                  3.74168400    1.28408000   -3.83776600 
 C                  5.82726500    0.80413100   -3.61362700 
 H                  7.82017000    0.07804000   -3.24219700 
 H                  6.16304000    1.72882900   -4.07042000 
 H                 -3.10937800    3.88261000   -2.33586300 
 H                  0.00803100    4.98313400    0.39024600 
 H                  6.53913400   -0.18600200    2.91083500 
 H                  5.06076000    1.12721300   -0.88358700 
 H                 -5.22756100   -1.37556400   -1.92993000 
 H                 -8.61129900   -3.64177900   -0.56832200 
 H                 -8.30631300    0.54123800    0.34277100 
 H                 -1.09412000   -4.90642800    0.60503700 
 H                  1.97949600   -2.80179500    2.74028900 
 H                  2.27551500   -3.28372300   -1.49863200 
 H                  7.53802400    3.73170800    1.47001200 
 H                 -3.25969000    2.54554200    1.72343000
 
2cIns2: 
electronic energy E/ a.u. −6868.26931825 
thermal enthalpy H/ a.u. −6867.458543 
total free Gibbs energy at 298 K G/ a.u. −6867.604613 
 
Cartesian Coordinates: 
 Ni                 4.58429300    0.41151500   -1.01595200 
 P                  2.88055500   -0.48946400    0.09621400 
 C                  5.36949700    0.79508200    0.63563900 
 C                  4.53312900   -0.55958500   -2.89429600 
 H                  4.05769600   -1.51566600   -3.05353900 
 C                  3.86926400    0.71965300   -2.97110500 
 H                  2.82716800    0.86890300   -3.21242000 
 Ni                -4.49419500   -0.78717100   -0.54625000 
 P                  0.01505300   -0.57331000    0.59779700 
 C                 -4.84483600    0.51949900    0.75902000 
 C                 -4.98459500   -2.73095900   -1.41323100 
 H                 -4.37866800   -3.61544300   -1.28675900 
 C                 -6.04381400   -2.33484400   -0.60862700 
 C                 -6.46027900   -1.04294400   -1.07997300 
 C                 -4.79193900   -1.73372900   -2.44025400 
 P                  1.16123100   -0.69687600   -1.30152300 
 C                 -1.69573400    0.02069200    0.03500500 
 S                 -2.00701700    1.67845700    0.19454400 
 P                  1.31598300    1.09532300   -0.05354200 
 N                 -4.59859100    0.46223600    2.08661800 
 C                 -3.97146500   -0.62501500    2.77048600 
 C                 -4.98543500    1.62990900    2.72216200 
 N                  5.10584400    1.76302800    1.54911700 
 C                  4.08717700    2.75533800    1.41716800 
 C                  5.93484000    1.65784300    2.65504600 
 N                 -5.45395700    1.71719200    0.58557500 
 C                 -5.88605700    2.24996300   -0.66880600 
 C                 -5.52739300    2.41917900    1.77640500 
 N                  6.38518600    0.09095500    1.19756400 
 C                  6.99425500   -1.04701700    0.58638600 
 C                  6.74505200    0.60602600    2.43194400 
 N                 -2.58319400   -0.90250600   -0.28657900 
 C                 -2.11349600   -2.24385600   -0.46753300 
 C                  6.24614000   -2.20081600    0.39780200 
 C                  8.31179000   -0.96456700    0.16116000 
 C                  6.83221700   -3.28656800   -0.23669200 
 C                 -4.69630100   -1.78087400    3.02619200 
 C                 -2.66181700   -0.48516600    3.20691400 
 C                  8.89300500   -2.05900100   -0.46661800 
 C                 -4.95344000    2.51385500   -1.66182300 
 C                 -7.23836800    2.49599800   -0.86568500 
 C                 -4.09696800   -2.81418000    3.73515100 
 C                 -5.39309800    3.02675400   -2.87489900 
 H                  6.25349400   -4.18826000   -0.39721500 
 C                  8.15237500   -3.21718100   -0.66960800 
 C                  5.87894900   -0.33853400   -2.58361500 
 C                  4.10168000    3.60763700    0.32385600 
 C                  3.09295600    2.84133800    2.38170200 
 C                  6.03248300    1.06542300   -2.37373500 
 H                  6.95466700    1.55704300   -2.09675000 
 C                  4.81344300    1.72232700   -2.71745300 
 H                  6.63886200   -1.09070800   -2.43253900 
 C                 -2.06778200   -1.52534000    3.90956600 
 H                 -5.94366200    3.40986500    1.82794300 
 H                 -6.42422000   -2.84967800    0.26026400 
 H                 -1.03566500   -1.43357000    4.22483600 
 C                 -2.78558700   -2.68471100    4.18038900 
 H                 -4.83994400    1.77704300    3.77779000 
 H                 -7.26184800   -0.45274500   -0.66053400 
 C                 -5.76794200   -0.74540000   -2.29060600 
 H                  9.91933900   -2.00015000   -0.80932000 
 H                  7.52793000    0.16921000    3.02705600 
 H                 -4.67130300    3.23417900   -3.65628400 
 C                 -6.74477800    3.27267500   -3.08863200 
 H                  5.87350600    2.34841400    3.47788700 
 C                  3.09231000    4.54994600    0.18657400 
 H                  4.63115900    2.78590200   -2.71305300 
 C                 -7.66744700    3.00980200   -2.08283300 
 C                  2.09295300    3.79379900    2.24116500 
 C                 -1.60866800   -2.64053900   -1.70284300 
 C                 -2.23761700   -3.17709800    0.55571700 
 H                 -4.65298500   -3.72251500    3.93557100 
 H                 -4.03548600   -1.77773000   -3.20896300 
 H                 -5.89990000    0.13707500   -2.89666700 
 C                  2.08939700    4.64452600    1.14296700 
 H                 -8.72230400    3.19591400   -2.24688500 
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 H                  3.08679400    5.20821800   -0.67403500 
 H                  1.29747800    3.84785700    2.97422800 
 H                 -1.51958600   -1.90390700   -2.49273800 
 C                 -1.23004200   -3.95942800   -1.91027000 
 H                 -0.83265800   -4.25779900   -2.87388800 
 C                 -1.35636300   -4.89277900   -0.88760900 
 H                 -2.64415500   -2.86074300    1.50575600 
 C                 -1.85844900   -4.49523900    0.34657000 
 H                 -1.06381400   -5.92362600   -1.05162500 
 H                 -1.95565900   -5.21503600    1.15192600 
 H                  3.08052600    2.13615100    3.20463100 
 H                  1.29304600    5.36910000    1.02385200 
 H                 -7.94697000    2.26925800   -0.07658300 
 H                 -3.90632200    2.30653000   -1.46564800 
 H                  5.21510100   -2.22922100    0.73162700 
 H                  8.60390700   -4.06739000   -1.16751100 
 H                  8.86280700   -0.04160800    0.30098300 
 H                 -2.31685100   -3.49622800    4.72477400 
 H                 -5.71369400   -1.86271600    2.66333400 
 H                 -2.11582200    0.41822700    2.96032700 
 H                 -7.08096200    3.67099600   -4.03910900 
 H                  4.88992700    3.51512400   -0.41150100 
 
TS 2cAdd1  2aPh: 
electronic energy E/ a.u. −4189.65803101 
thermal enthalpy H/ a.u. −4188.844993 
total free Gibbs energy at 298 K G/ a.u. −4188.989059 
 
Cartesian Coordinates: 
Ni                -3.64408300   -0.74265300   -0.15846800 
 P                 -1.96837900    0.47471800   -1.04612500 
 C                 -4.27243400    0.85754500    0.61589000 
 C                 -4.44414200   -2.31755400   -1.53818100 
 H                 -4.50923000   -2.18251900   -2.60850400 
 C                 -3.26856900   -2.71592600   -0.80931500 
 H                 -2.33473500   -3.03891000   -1.24885200 
 Ni                 2.90111000   -0.76740000    0.66285900 
 P                  1.57875200    0.02391500   -0.98971000 
 C                  3.54686500   -2.12827900   -0.47995400 
 C                  2.40571100    0.43746700    2.35814300 
 H                  1.47859800    0.98756300    2.42696000 
 C                  2.64879700   -0.86336800    2.84703400 
 C                  3.96401300   -1.20502300    2.43985800 
 C                  3.63766500    0.97804500    1.83190100 
 P                 -0.40637800   -1.09429200   -1.36308300 
 C                  1.56829200    1.85629500   -0.73603400 
 S                  0.35314300    2.47846700    0.35905400 
 P                 -0.45450500    0.03370100    0.47954400 
 N                  3.00463100   -3.32808700   -0.81794400 
 C                  1.75513800   -3.83607000   -0.34955300 
 C                  3.80932300   -4.00211400   -1.72744000 
 N                 -3.87761000    1.50785600    1.74138200 
 C                 -2.84943700    1.07176700    2.63278300 
 C                 -4.60613200    2.67331900    1.93436900 
 N                  4.70056100   -2.07166500   -1.19153800 
 C                  5.62888700   -0.98194500   -1.17403800 
 C                  4.87660500   -3.21191400   -1.96036600 
 N                 -5.26969700    1.63786400    0.12000300 
 C                 -6.03729100    1.32837300   -1.04471500 
 C                 -5.48731300    2.75242400    0.91633600 
 N                  2.55774200    2.46147300   -1.28933900 
 C                  2.77722600    3.83105100   -1.07509100 
 C                 -5.40334400    1.16391800   -2.27135600 
 C                 -7.41440400    1.17552500   -0.91854000 
 C                 -6.16490800    0.81914400   -3.38255200 
 C                  1.40927200   -3.70315100    0.98991700 
 C                  0.89648200   -4.46166800   -1.24926000 
 C                 -8.16887600    0.84101600   -2.03920200 
 C                  5.21769500    0.29166600   -1.55082100 
 C                  6.93674500   -1.22999300   -0.76756200 
 C                  0.18090300   -4.18557600    1.42726900 
 C                  6.13825300    1.33357600   -1.50898100 
 H                 -5.67604400    0.68183200   -4.34127800 
 C                 -7.54371100    0.65543900   -3.26941200 
 C                 -5.43363200   -2.01833000   -0.60389200 
 C                 -2.87597900   -0.22466300    3.13749900 
 C                 -1.84305300    1.96231000    2.99133600 
 C                 -4.89444100   -2.27090500    0.71388600 
 H                 -5.43916100   -2.14712400    1.64139200 
 C                 -3.59283400   -2.79475400    0.57408400 
 H                 -6.41540700   -1.61578100   -0.81410800 
 C                 -0.31646300   -4.96709300   -0.79552000 
 H                  5.73449900   -3.34034600   -2.59940600 
 H                  1.91866700   -1.51426400    3.30719300 
 H                 -0.99141300   -5.44946600   -1.49475800 
 C                 -0.67929300   -4.82686800    0.54108900 
 H                  3.55697100   -4.98079300   -2.09992800 
 H                  4.46048100   -2.15160400    2.61340300 
 C                  4.59969100   -0.02293700    1.88904700 
 H                 -9.24226700    0.71356200   -1.94571200 
 H                 -6.22991100    3.49312100    0.67012400 
 H                  5.81519100    2.32763400   -1.79951400 
 C                  7.44949000    1.10231000   -1.10032800 
 H                 -4.43142900    3.32010700    2.77805400 
 C                 -1.86493000   -0.63724500    3.99669300 
 H                 -2.91491400   -3.07514200    1.36776000 
 C                  7.84985300   -0.18064600   -0.73296500 
 C                 -0.84287000    1.54247300    3.86254200 
 C                  3.97650500    4.24210200   -0.48141800 
 C                  1.86196400    4.80278000   -1.49734500 
 H                 -0.09666200   -4.06441100    2.46929300 
 H                  3.74123900    1.96213400    1.39683200 
 H                  5.61234700    0.03153800    1.51437600 
 C                 -0.84862200    0.24319800    4.36104400 
 H                  8.86992900   -0.36511500   -0.41231100 
 H                 -1.87493900   -1.65010500    4.38647000 
 H                 -0.04435900    2.22804300    4.12499400 
 H                  4.68784900    3.48628300   -0.16149800 
 C                  4.24582200    5.59397500   -0.29554600 
 H                  5.17535300    5.89519400    0.17904500 
 C                  3.33319700    6.55691400   -0.71803100 
 H                  0.93410600    4.48405700   -1.95983800 
 C                  2.14442700    6.15237600   -1.32187800 
 H                  3.54526000    7.61233100   -0.57835700 
 H                  1.42554600    6.89493700   -1.65584800 
 H                 -1.81519000    2.95582400    2.55587900 
 H                 -0.05706700   -0.08294300    5.02796400 
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 H                  7.22557800   -2.23148500   -0.46310300 
 H                  4.19301500    0.48612000   -1.84932800 
 H                 -4.32874200    1.29341100   -2.34333600 
 H                 -8.13128300    0.38559500   -4.14101000 
 H                 -7.88287200    1.29518600    0.05341000 
 H                 -1.63610400   -5.20643200    0.88377700 
 H                  2.09310400   -3.21145000    1.66929200 
 H                  1.15632000   -4.52000800   -2.30099900 
 H                  8.16182700    1.92048900   -1.07000400 
 H                 -3.66981200   -0.89770300    2.83779200
 
TS 2cAdd2  2bPh: 
electronic energy E/ a.u. − 4189.66462650 
thermal enthalpy H/ a.u. − 4188.844993 
total free Gibbs energy at 298 K G/ a.u. − 4188.989059 
 
Cartesian Coordinates: 
Ni                -3.25989000   -0.61145000    0.57323400 
 P                 -1.67892600    0.54096700   -0.54874200 
 C                 -4.35966700   -0.46805600   -0.93253600 
 C                 -2.32914200   -1.44389000    2.29841600 
 H                 -1.25751600   -1.54466400    2.39239600 
 C                 -3.10052900   -0.31066200    2.75012900 
 H                 -2.69004000    0.58907000    3.18675400 
 Ni                 3.44054700    0.05284400    0.79123300 
 P                  1.75842900    0.32262300   -0.67205300 
 C                  3.99718000   -1.57756300   -0.00680600 
 C                  3.43101200    0.72066200    2.87622300 
 H                  2.74757500    0.30581000    3.60342000 
 C                  4.69298000    0.20993300    2.50501200 
 C                  5.27092400    1.08863600    1.49978000 
 C                  3.14411800    1.77321200    1.96945600 
 P                 -0.11158600   -1.04780700   -0.47833100 
 C                  1.44473300    2.13512100   -0.90967600 
 S                  2.34773000    3.00164800   -2.03849700 
 P                 -0.01297300    0.65313000    0.88717400 
 N                  3.49991900   -2.83791900    0.10751100 
 C                  2.36921100   -3.21486100    0.89460100 
 C                  4.20722500   -3.72827000   -0.68984700 
 N                 -5.03495600    0.61135900   -1.39274900 
 C                 -4.93890000    1.90685400   -0.78517700 
 C                 -5.78156600    0.29704500   -2.51820000 
 N                  5.02106900   -1.70235900   -0.88888400 
 C                  5.86080000   -0.62693800   -1.32206000 
 C                  5.16517400   -3.01336400   -1.31434300 
 N                 -4.70011500   -1.46662300   -1.78606600 
 C                 -4.18714400   -2.79545700   -1.67186200 
 C                 -5.57477600   -1.01585200   -2.76513100 
 N                  0.54261800    2.50681200   -0.00833400 
 C                 -0.07757900    3.75209700    0.16685900 
 C                 -2.82573500   -3.00905900   -1.85396200 
 C                 -5.04211900   -3.83970100   -1.33728900 
 C                 -2.30973900   -4.28776900   -1.67884300 
 C                  2.20224100   -2.68671900    2.17009600 
 C                  1.43780800   -4.10244300    0.36277500 
 C                 -4.51875600   -5.11917400   -1.17270000 
 C                  5.29575000    0.50744000   -1.89306900 
 C                  7.23516000   -0.73214000   -1.12916300 
 C                  1.07746600   -3.03670500    2.90799100 
 C                  6.12364100    1.56603600   -2.24959700 
 H                 -1.24481300   -4.45013600   -1.80848800 
 C                 -3.15345200   -5.34253800   -1.33696700 
 C                 -3.21470600   -2.42893500    1.80667600 
 C                 -5.69176300    2.18468400    0.34953600 
 C                 -4.04602500    2.83557100   -1.30799300 
 C                 -4.50766700   -1.84429700    1.80403000 
 H                 -5.41163700   -2.31617400    1.44057600 
 C                 -4.44283300   -0.56444900    2.46312600 
 H                 -2.94343100   -3.38399000    1.37760000 
 C                  0.32532300   -4.45963600    1.11665400 
 H                  5.92275900   -3.30266800   -2.02367800 
 H                  5.20157300   -0.63240900    2.95671700 
 H                 -0.41367500   -5.13496100    0.69776000 
 C                  0.13977300   -3.92447000    2.38751600 
 H                  3.97676600   -4.78009600   -0.71804900 
 H                  6.24060400    0.96112100    1.03878200 
 C                  4.32471200    2.05527300    1.18628700 
 H                 -5.17772600   -5.93836600   -0.90442600 
 H                 -5.94480800   -1.66409000   -3.54230600 
 H                  5.67337700    2.45842500   -2.67115900 
 C                  7.50036000    1.47830000   -2.05809900 
 H                 -6.37949900    1.03353900   -3.02912700 
 C                 -5.53527000    3.41433200    0.98092700 
 H                 -5.27393500    0.10546600    2.63046600 
 C                  8.05659800    0.32614300   -1.50628400 
 C                 -3.88684200    4.05716800   -0.66400800 
 C                 -0.14261000    4.76635200   -0.79982700 
 C                 -0.70011800    3.96001000    1.40751400 
 H                  0.93328900   -2.60909200    3.89474200 
 H                  2.22989200    2.35015100    1.93255400 
 H                  4.38888000    2.80702200    0.41197800 
 C                 -4.62681200    4.34358500    0.47941900 
 H                  9.12856100    0.25365500   -1.35436800 
 H                 -6.11074100    3.63860700    1.87329300 
 H                 -3.15460400    4.76818900   -1.02945700 
 H                  0.33572000    4.61673000   -1.75846100 
 C                 -0.78703100    5.96422900   -0.50534900 
 H                 -0.81161900    6.74779200   -1.25723400 
 C                 -1.38926600    6.17074900    0.73407000 
 H                 -0.65820900    3.17235400    2.15393400 
 C                 -1.34865100    5.15537600    1.68705800 
 H                 -1.88069200    7.11353100    0.95503400 
 H                 -1.81742400    5.29614200    2.65646200 
 H                 -3.44686500    2.57868300   -2.17419100 
 H                 -4.47818600    5.29098700    0.98706800 
 H                  7.65049200   -1.62160400   -0.66514000 
 H                  4.22313900    0.58810600   -2.03425700 
 H                 -2.17882500   -2.17626100   -2.10686600 
 H                 -2.74842500   -6.34056200   -1.20131900 
 H                 -6.09887300   -3.64363500   -1.18543500 
 H                 -0.74348400   -4.18172100    2.96282400 
 H                  2.93740300   -1.99453400    2.56111200 
 H                  1.55882300   -4.47464200   -0.64945100 
 H                  8.14196700    2.30763900   -2.33801700 
 H                 -6.37271700    1.43341800    0.73552100
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6 Synthesis and Structural Characterization of Iron(II), Cobalt(II), 
and Nickel(II) Complexes of a Cyclic (Alkyl)(amino)carbene[a] 

















[a] Reproduced with permission from S. Pelties, R. Wolf, Z. Anorg. Allg. Chem. 2013, 639, 
2581−2585. Copyright 2013 WILEY-VCH. License number: 3820630688425 
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6.1 Introduction 
N-heterocyclic carbene (NHC) complexes of late transition metals are attracting tremendous 
interest in organometallic chemistry due to their widespread applications in homogeneous 
catalysis.1 Furthermore, the strong electron-donating properties and the adjustable steric demand 
of NHCs enable the stabilization of unusual coordination environments.2 While many past efforts 
have been devoted to the second and third row metals, first row metal NHC complexes are 
increasingly attracting attention. A number of recent reports describe the synthesis of imidazolin-
2-ylidene and imidazolidin-2-ylidene complexes with the iron group metals.3,4 In addition, NHCs 
have recently been shown to mediate the formation of unprecedented metal-metal bonded iron 
clusters via the NHC-induced aggregation of bis(cyclooctatetraene)iron [Fe(cot)2].5  
In 2005, Bertrand and co-workers introduced cyclic (alkyl)(amino)carbenes (CAACs, Figure 1) 
as a new type of carbene ligand with flexible steric properties and a higher σ-donating character 
compared to the well-established cyclic diaminocarbenes.6 A selection of known CAACs is 
displayed in Figure 1. These have been used for the activation of small molecules such as CO, 
H2, NH3 and P4, and the synthesis of novel transition metal catalysts.6,7 Complexes of cyclic 
(alkyl)(amino)carbenes with palladium(II), ruthenium(II), rhodium(I), iridium(I), and gold(I) and 
even gold(0) have been reported, showing their aptitude as ligands for electron-rich, noble 
metals.8 
 
Figure 1. Examples of CAACs with varying steric properties.6,7 
 
 
However, there is still a paucity of first-row metal complexes. A dinuclear copper(I) hydride 
complex [Cu(µ-H)(CAAC1)]2 was prepared by Bertrand et al., while Roesky et al. very recently 
described the synthesis of manganese(II) and zinc(II) chloride adducts [MCl2(CAAC3)] (M = Mn, 
Zn) and remarkable two-coordinate bis(carbene) compounds [M(CAAC3)2], with manganese and 
zinc in the formal oxidation state zero.9,10 The latter complexes are particularly noteworthy. 
According to DFT calculations, [Zn(CAAC3)2] shows significant singlet biradicaloid character. 
It reacts with CO2 to form the adduct CAAC⋅CO2 under mild conditions. In a similar vein, 
[Mn(CAAC3)2] is able to add H2 to the carbene carbon atoms as a consequence of the pronounced 
radical character of the carbene ligands, thereby forming a two-coordinate mangneses(II) 
bis(alkyl) complex. 
We recently reported on the chemistry of ruthenium(II) NHC complexes.11 In the context of our 
on-going investigations of low-valent 3d metal polyarene metalates and polyhydrides,12 we 
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became interested in using carbenes as supporting ligands for 3d metal complexes. Here, we 
report the synthesis and structural characterization of novel iron, cobalt and nickel complexes 
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6.2 Results and Discussion 
[FeCl(µ-Cl)(CAAC1)]2 (1), [CoBr(µ-Br)(CAAC1)]2 (2), and [NiBr(µ-Br)(CAAC1)]2 (3) are 
accessible according to Scheme 1 by reacting one equivalent of Bertrand’s bulky menthyl- and 
diisopropylphenyl-substituted CAAC1 with one equiv. of FeCl2(thf)1.5, CoBr2, and NiBr2(dme) in 
THF. Yellow 1, blue 2, and green 3 crystallized in moderate yields of 20−50% from toluene/n-
hexane mixtures. The isolated crystals dissolve well in dry THF, but are poorly soluble in n-
hexane, diethyl ether, benzene, and toluene. The compounds are highly air-sensitive, but appear 
to be stable at ambient temperature for weeks when stored as solids under an inert atmosphere. 
 
Scheme 1. Synthesis of CAAC complexes 1−3. 
Single-crystal X-ray structure determinations of 1−3 revealed dimeric halide-bridged structures 
(Figure 2), in which two MX2(CAAC1) fragments are associated through bridging chloride or 
bromide ligands. Complexes 1 and 3 are isomorphous and crystallized in the tetragonal crystal 
system in the chiral space group P422121 with four molecules in the unit cell. Each molecule 
resides on a crystallographic 42 screw axis. Complex 2 crystallized as a toluene solvate in space 
group P21 with two molecules in the unit cell. Each molecule resides on a general position. Both 
halves of the molecule show practically identical bond lengths and angles. A noteworthy 
difference between the structures of 1 and 3 on the one hand, and that of 2 on the other hand, is 
the relative orientation of the substituents on the two carbene ligands. Identical substituents are 
located on the same side of the molecule in 1 and 3, but they show opposite orientations in 2. The 
observation of such “pseudo-rotamers” in the solid-state structures of 1−3 may presumably be 
attributed to crystal packing forces, since we expect the relative energies between the different 
conformations in the dimers 1−3 to be low. Note that 2 crystallized in a different crystal system 
than 1 and 3 due to the presence of solvent molecules in the lattice (Table 2). 
Important bond lengths and angles of 1−3 are summarized in Table 1. In each structure, the metal 
atoms are surrounded by three halide ligands and one CAAC ligand in a distorted tetrahedral 
fashion. The metal carbon distances are similar in the structures of 1 and 2, but they are about 0.1 
Å shorter in the structure of 3 in agreement with the smaller atomic radius of nickel. The nickel 
bromine distances are also slightly shorter by about 0.05 Å in 3 compared to the cobalt bromine 
bonds in 2. As expected, the metal halide distances to the terminal halide ligands Cl1 and Br1 are 
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substantially shorter than those of the bridging halides. The metal-metal distances are large for all 
three structures (1: Fe1−Fe1' 3.318(1) Å, 2: Co1−Co2: 3.581(1) Å, 3: Ni1−Ni1' 3.366(1) Å), 
which indicates that there is no significant metal-metal bonding. 
 
Figure 2. Solid-state molecular structures of complexes [FeCl(µ-Cl)(CAAC1)]2 (1, top), [CoBr(µ-Br)(CAAC1)]2 (2, 
middle), and [NiBr(µ-Br)(CAAC1)]2 (3, bottom). The hydrogen atoms are omitted for clarity. Thermal ellipsoids are 
drawn at 40% level.  
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The structures of 1−3 are similar to those of the related diaminocarbene complexes [FeCl(µ-
Cl)(IDipp)]2 and  [CoX(µ-X)(IDipp)]2 (X = Cl, Br, I, IDipp = 1,3-bis(2,6-
diisopropylphenyl)imidazolin-2-ylidene), which were recently described by the groups of 
Tonzetich and Matsubara.3a,b Inspection of the key structural parameters indicates that the 
substitution of the CAAC by the NHC apparently does not exert a large effect on the molecular 
structures of the iron and cobalt complexes. In contrast, the structure of the nickel complex 3 is 
markedly different from its IDipp analogue [NiCl(µ-Cl)(IDipp)]2, which was reported by 
Hillhouse et al.3c The solid state structure of the latter complex displays two distorted square 
planar nickel(II) centers. Nonetheless, [NiCl(µ-Cl)(IDipp)]2 is paramagnetic in deuterated 
toluene with an effective magnetic moment of 2.6 µB per Ni atom. This high magnetic moment 
agrees with the formation of a tetrahedral structure in solution.13 
Table 1. Selected bond lengths [Å] and angles [°] of 1−3. 
 1 2[a] 3 
 M = Fe1,  
X = Cl 
M = Co1, Co2,  
X = Br 
M = Ni,  
X = Br 
M−C1 2.094(3) 2.073(4), 2.097(4)[b] 1.989(2) 
M−X1 2.237(1) 2.378(1), 2.391(1) 2.349(1) 
M−X2 2.358(1) 2.500(1), 2.501(1) 2.424(1) 
M−X3 2.397(1) 2.502(2), 2.485(1) 2.486(1) 
C1−M−X1 109.7(1) 101.6(1), 109.6(1) 101.4(1) 
C1−M−X2 113.3(1) 126.1(1), 121.7(1) 112.3(1) 
C1−M−X3 128.5(1) 122.3(1), 122.4(1) 136.9(1) 
X1−M−X2 110.6(1) 110.6, 104.5(1) 105.6(1) 
M−X2−M' 89.4(1) 91.5(1)[c] 87.9(1) 
M−X3−M' 87.6(1) 91.8(1)[d] 85.2(1) 
[a] The first value in this column refers to M = Co1, the second value refers to M = Co2; [b] Co2−C28; [c] 
Co1−Br2−Co2; [e] Co1−Br3−Co2. 
 
Complexes 1−3 are paramagnetic, and their 1H NMR spectra ([D8]THF) accordingly exhibit 
broad peaks in a wide range from approximately −30 to +46 ppm (see the experimental section), 
that are difficult to assign to invidual groups or molecular fragments. The determination of the 
effective magnetic moments of 1−3 indicates a high-spin configuration. The solution magnetic 
moments observed in [D8]THF using the Evans method are 6.0(1) µB/Fe atom for 1, 4.7(1) µB/Co 
for 2, and 4.3(1) µB/ Ni for 3. Very similar magnetic moments were determined in CD2Cl2 (6.2(1) 
µB/Fe atom for 1, 4.9 µB/Co for 2, and 4.6(1) µB/Ni for 3). These experimental values are 
significantly higher than the expected spin-only values of 4.90, 3.87 µB and 2.83 µB, for systems 
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with four, three and two unpaired electrons per metal center, respectively. High magnetic 
moments have been observed for several other iron(II) and cobalt(II) carbene and phosphane 
complexes with a distorted tetrahedral geometry, e.g. [FeCl(µ-Cl)(IDipp)]2 (µeff = 5.2(1) µB/Fe),3a 
[FeCl(µ-Cl)(IMes)]2 (4.6(1) µB/Fe),3a [FeCl2(IMes)2] (5.2(1) µB),3a [FeCl2(IEtPh*)2] (IEtPh* = 
1,3-bis((R)-1'-phenylethyl)-imidazolin-2-ylidene),4k, [Fe-Cl2(C∩C)] (5.2−5.6 µB, L = various 
chelating dicarbene ligands),4g,l
 
[CoX(µ-X)(IDipp)]2 (X = Cl, Br, I; 4.03, 4.06, and 4.27 µB/Co), 
[CoX2(IDipp)(py)] (X = Cl, Br, I; µeff = 4.72, 4.43, and 4.35 µB/Co), 3b and [FeCl2((P∩P)] (5.1−5.5 
µB; P∩P = various chelating diphosphine ligands).14 A likely reason for these deviations from 
spin-only magnetism is the effect of unquenched orbital momentum.15 
The UV-vis spectrum of 1 recorded in THF shows a weak absorption maximum in the visible 
region at 406 nm, which is in accord with the yellow color of the complex. The UV-vis spectra 
of 2 and 3 show three similar, weak absorptions in the visible range at 602, 668sh and 711 nm 
for 2, and 617, 644sh and 709sh nm for 3. These bands may tentatively be assigned to d-d 
transitions. Interestingly, the UV/vis spectrum of the related (diamino)carbene complex [CoBr(µ-
Br)(IDipp)]2 shows a similar UV/vis spectrum as 2 with three bands at 600, 685 and 720sh nm,3b 
which might indicate that both complexes have a similar structure in solution as well as in the 
solid state. 
6.3 Conclusion 
New cyclic (alkyl)(amino)carbene complexes of iron(II), cobalt(II) and nickel(II) have been 
prepared by reacting Bertrand’s CAAC1 with divalent iron, cobalt and nickel halides. The 
resulting complexes [FeCl(µ-Cl)(CAAC1)]2 (1), [CoBr(µ-Br)(CAAC1)]2 (2), and [NiBr(µ-
Br)(CAAC1)]2 (3) are paramagnetic and very air-sensitive, but appear to be thermally stable under 
an inert atmosphere. X-ray crystal structure analyses revealed dimeric halide-bridged structures 
with distorted tetrahedrally coordinated metal centers. Similar structures were previously 
obtained with the related diisopropylphenyl-substituted (diamino)carbene IDipp.3 The isolation 
and structural characterization of 1−3 augurs well for the future development of a more extensive 
coordination chemistry of the cyclic (alkyl)(amino)carbenes with these and other first row 
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6.4 Supporting Information (SI) 
6.4.1 General Procedures 
All experiments were performed in an MBraun UniLab glovebox under an atmosphere of dry 
argon. Solvents were purified, dried, and degassed with an MBraun SPS800 solvent purification 
system. NMR spectra were recorded on Bruker Avance 300 and Avance 400 spectrometers at 
300 K and internally referenced to residual solvent resonances.16,17 Melting points were measured 
on samples in sealed capillaries on a Stuart SMP10 melting point apparatus. UV/Vis spectra were 
recorded on a Varian Cary 50 spectrometer. Elemental analyses for 1 and 2 were determined by 
the analytical department of Regensburg University. The elemental analysis of 3 was obtained by 
Medac Ltd., Chobham Surrey, UK. The starting materials FeCl2(thf)1.5, NiBr2(dme), and CAAC1 
were prepared according to literature procedures.6,18,19 CoBr2 was purchased from Aldrich and 
used as received. 
 
6.4.2 Synthesis of [FeCl(µ-Cl)(CAAC1)]2 (1)  
A solution of CAAC1 (50 mg, 0.13 mmol) in THF (3 mL) was added dropwise to a suspension of 
FeCl2(thf)1.5 (30 mg, 0.13 mmol) in THF (2 mL) at room temperature. The resulting yellow 
solution was stirred for two hours. After removing the solvent, the crude product was extracted 
with toluene (~3 mL). Yellow crystals suitable for X-ray crystallography were obtained by slow 
diffusion of n-hexane into this solution. The isolated crystals were dried in vacuo. Yield: 32 mg 
(48%); m.p. >145 °C (slow decomp. to a dark oil); UV/Vis (THF, λmax /nm (εmax /L·mol−1·cm−1)): 
402 (446); Effective magnetic moment ([D8]THF): µeff = 6.0(1) µB/Fe; Elemental analysis calcd 
for C54H86N2Cl4Fe2 (M = 1016.78): C 63.79, H 8.53, N 2.76, found: C 63.29, H 8.61, N 2.83; 
1H NMR (400.13 MHz, [D8]THF, 300 K): δ/ppm = −11.3 (br s), 0.0 to 1.2 (overlapping m), 2.2 
(m), 3.0 (br s), 6.3 to 7.1 (m), 8.3 (br s), 8.8 (br s), 10.5 (br s), 13.9 (br s), 13.9 (br s), 14.7 (br s), 
27.2 (br s), 34 (br s), 45 (br s). 
 
6.4.3 Synthesis of [CoBr(µ-Br)(CAAC1)]2 (2) 
An analogous procedure as for the synthesis of 1 was applied, using CAAC1 (43 mg, 0.11 mmol) 
and CoBr2 (25 mg, 0.11 mmol). X-ray quality crystals of 1 were obtained by slow diffusion of n-
hexane into a toluene solution of the raw product. The crystals were dried in vacuo. The pure 
compound contains one molecule of toluene per formula unit after drying under vacuum. Yield 
37 mg (51%); m.p. >219 °C (slow decomp. to a dark green oil); UV/Vis (THF, λmax /nm (εmax 
/L·mol−1·cm−1)): 602 (237), 668sh (362), 711 (495); Effective magnetic moment ([D8]THF): µeff 
= 4.7(1) µB/Co; Elemental analysis calcd for C54H86N2Br4Co2⋅C7H8 (M = 1292.92): C 56.67, H 
7.33, N 2.76, found: C 56.41, H 7.26, N 2.10; 1H NMR (400.13 MHz, [D8]THF, 300 K): δ/ppm 
= −32 (br s), −28 (br s), −20.4 (br s), −15.7 (br s), −11.3 (br s), −10.5 (br s), −7.53 (s), −5.8 to 
−4.8 (m), −3.6 (br s), −2.52 (s),  −2.25 (s), −1.95 (s), −1.50 (s), −0.05 (m), 0.0 to 0.2 (m), 0.50 
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(s), 0.7 to 1.3 (m), 1.56 (s), 2.28 (s, toluene), 5.0 (br s), 6.3 (m), 6.50 (m), 7.06 to 7.19 (m, toluene), 
7.6 (br s), 10.9 (br s), 12.2 (br s), 13.2 (br s), 16.4 (br s), 16.6 (br s), 18.8 (br s), 20.7 (br s), 25.6 
(br s), 29.7 (br s), 46 (br s). 
 
6.4.4 Synthesis of [NiBr(µ-Br)(CAAC1)]2 (3) 
An analogous procedure as for the synthesis of 1 was applied, using CAAC1 (52 mg, 0.13 mmol) 
and NiBr2(dme) (50 mg, 0.13 mmol). X-ray quality crystals of the product were obtained by slow 
diffusion of n-hexane into a toluene solution of the raw product. Yield 19 mg (19%); m.p. >140 °C 
(slow decomp. to a dark solid); UV/Vis (THF, λmax /nm (εmax /L·mol−1·cm−1)): 617 (51), 644sh 
(47), 709sh (15); Effective magnetic moment ([D8]THF): µeff = 4.3(1) µB/Ni; Elemental analysis 
calcd for C54H86N2Br4Ni2 (M = 1200.3): C 54.04, H 7.22, N 2.33, found: C 52.45, H 7.29, N 2.50; 
elemental analyses on independent samples reproducibly gave similarly low carbon values; 
1H NMR (400.13 MHz, [D8]THF, 300 K): δ/ppm = −23 (br s), −21 (br s), −19 (br s), −14 (br s), 
−10 (br s), −4.2 (br s), −2.9 (br s), −1.7 to −1.3 (m), 0.90 – 1.57 (m), 1.81 to 1.98 (m), 2.28 (s, 
toluene), 2.49 (m), 2.98 to 3.27 (m), 3.71 – 4.09 (m), 4.35 (br s), 4.73 (m), 5.22 (br s), 7.06 to 
7.19 (overlapping br s, toluene), 7.30 (m), 7.94 to 8.06 (m), 8.72 (br s), 10.10 (s), 11 (br s), 13 (br 
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6.4.5 X-ray Crystallography  
The single crystal X-ray diffraction data were recorded with an Agilent Technologies SuperNova 
diffractometer with Cu Kα radiation (λ = 1.54178 Å). Either semi-empirical multi-scan 
absorption corrections20 or analytical ones21 were applied to the data. The structures were solved 
by SHELXS22 or SIR23 and least-square refinements on F2 were carried out with SHELXL.21 
Crystal and structure refinement data are given in Table 2. CCDC-952884 (1), -952885 
(2⋅toluene), and -952886 (3) contain the supplementary crystallographic data for this paper. These 
data can be obtained free of charge from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_re-quest/cif. 
Table 2. Crystal and structure refinement data for 1−3. 
 1 2·C7H8 3 
Empirical Formula C54H86N2Cl4Fe2 C61H94Br4Co2N2 C54H86N2Br4Ni2 
Crystal system tetragonal monoclinic tetragonal 
Space group P42212 P21 P42212 
Z 4 2 4 
Temperature [K] 123.0(1) 123.0(2) 123.0(1) 
ρcalc [g/cm3] 1.193 1.428 1.399 
a [Å]  16.361(5) 10.1582(1) 16.3839(1) 
b [Å] 16.361(5) 18.3224(2) 16.3839(1) 
c [Å] 21.156(5) 16.3399(2) 21.2235(3) 
α [°]  90 90 90 
β [°]  90 98.652(1) 90 
γ [°]  90 90 90 
Volume [Å3] 5663(3) 3006(1) 5697.1(1) 
µ [mm−1] 6.090 7.709 4.351 
2Θ Range /° 7.64 − 147.4 7.3 − 147.94 6.82 − 147.46 
Independent Reflections 5507  
[R(int) = 0.0941] 
10100  
[R(int) = 0.0248] 
5468  
[R(int) = 0.0262] 
Parameters 281 641 281 
GooF 0.993 0.833 1.032 
R1 [I > 2σ(I)] 0.0469 0.0254 0.0241 
wR2 (all data) 0.1075 0.0453 0.0584 
Largest diff. peak/hole  
[e Å−3] 
0.48/−0.65 0.53/−0.43 0.54/−0.40 
Flack parameter −0.009(5) −0.017(4) −0.020(15) 
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7 Preparation of a Trigonal Planar Manganese(II) Amido Complex 
Supported by an N-Heterocyclic Carbene[a,b] 
Stefan Pelties and Robert Wolf 
 

























[a] Unpublished results 
[b] After completion of the experimental work on this chapter, the synthesis of 1 and the related 
complex [MnCl(µ-Cl)(IMes)]2 (IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazolin-2-ylidene) 
were described by Tonzetich et al. together with a series of dimeric alkyl and aryl manga-
nese(II) NHC complexes (M. H. Al-Afyouni, V. M. Krishnan, H. D. Arman, Z. J. Tonzetich, 
Organometallics 2015, 34, 5088–5094). 
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7.1 Introduction 
Low-coordinate organomanganese(II) complexes are of interest because of their unusual and no-
toriously different reactivity compared to other 3d metals.1,2 However, divalent manganese hydro-
carbyls are rather scarce among 3d metals, probably due to the lability of the manga-
nese(II)−carbon bond as a result of its high ionic character.1 The paucity of manganese NHC (N-
heterocyclic carbene) complexes with oxidation states other than +I is particularly salient. Besides 
the rather limited number of publications regarding Mn(III), Mn(IV), and Mn(V) NHC com-
plexes3,4,5, also only very few publications deal with manganese(II) carbene complexes so far.6,7,8,9 
In these examples, most manganese centers exhibit a coordination number of four and higher.6 
Respective low-coordinate manganese(II) compounds (coordination number of two and three) are 
extremely rare.7,8,9 
The first three-coordinate NHC-stabilized manganese(II) complexes of type A were reported by 
the group of Mulvey and Robertson in 2011. They prepared complexes A by reacting two-coor-
dinate manganese alkyls [Mn{CHx(SiMe3)3−x}2] (x = 0, 1) with the free carbene IDipp (1,3-
bis(2,6-diisopropylphenyl)imidazolin-2-ylidene, Scheme 1).7  
 
 
Scheme 1. Known two- and three-coordinate NHC-stabilized manganese(II) complexes and their reactivity.7,8,9 
 
In 2012, Goicoechea and coworkers synthesized the three-coordinate complex B by converting 
Mn3(Mes)6 with three equivalents of IDipp.8 Remarkably, they obtained C, the first manganese 
complex with an abnormal carbene ligand, upon reduction of B with potassium graphite. Strong 
evidence of the dicarbenic nature came from the reaction of C with 2,2,2-crypt (4,7,13,16,21,24-
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hexaoxa-1,10-diazabicyclo[8,8,8]hexacosane) and subsequent addition of two equivalents of the 
Lewis acid AlEt3, which yielded complex D. 
Very recently, the group of Roesky, Frenking, and Dittrich described the preparation of the two-
coordinate complex F with a formal Mn(0) center in the reaction of the Mn(II) precursor E with 
an equimolar amount of a CAAC (= cyclic alkyl(amino)carbene) and two equivalents of KC8.9 
DFT studies, EPR, and magnetic measurements revealed that F features a quartet ground state 
with antiferromagnetic coupling between a Mn(I) atom with a low spin d6 configuration (S = 2) 
and a radical (S = 1/2) delocalized over the two carbene atoms. Interestingly, complex F is able 
to cleave dihydrogen under very mild condition, yielding the manganese(II) dialkyl G. 
The described compounds impressively illustrate the potential of low-coordinate manganese(II) 
NHC complexes to undergo unusual reactivity. In the course of our investigations toward the 
synthesis of low-coordinate transition metal carbene complexes,10 we became interested in pre-
paring low-coordinate NHC-stabilized manganese(II) complexes. Here, we report a convenient 
gram scale synthesis for the NHC-stabilized manganese(II) chloride 1 and investigate its ability 
to function as a precursor for low-coordinate NHC-stabilized manganese(II) compounds. Com-
plex 1 possesses a dimeric halide-bridged structure in the solid state, but X-ray diffraction analysis 
on 1-THF further indicates the presence of monomers in THF solutions. The labile nature of the 
manganese(II)-carbon bond is demonstrated by the reaction of 1 with four equivalents of MeMgI. 
In this case, the NHC and the chloride atom of 1 are transferred to magnesium, resulting in the 
formation of [(IDipp)MgMeCl]2 (2). Finally, we report that dimeric 1 reacts with four equiva-

















        Chapter 7. Preparation of a Trigonal Planar Mn(II) Amido Complex Supported by an NHC 
            
 165
7.2 Results and Discussion 
Compound 1 is readily accessible on a gram scale upon converting IDipp with an equimolar 
amount of manganese(II) chloride in tetrahydrofuran at room temperature (Scheme 2). Interest-
ingly, after removal of the solvent from the reaction mixture and drying the crude product in vacuo 
for a few minutes colorless crystals of the monomeric complex 1-THF were isolated from toluene 
indicating the presence of monomers in THF solutions of 1. If crystals of 1-THF or the crude 
product were dried for longer than one hour in vacuo only colorless crystals of 1 were obtained 
from toluene crystallization. Compound 1 is oxygen and moisture sensitive, but thermally stable, 
and dissolves in benzene, toluene, and tetrahydrofuran. The complex was characterized by 
































Scheme 2. Synthesis of [MnCl(µ-Cl)(IDipp)]2 (1). 
The molecular structure of monomer 1-THF obtained by X-ray crystallography (Figure 1, left) 
revealed a distorted tetrahedral complex with two terminal chloride ligands and a coordinating 
tetrahydrofuran molecule.11 The Mn1-C1 bond lengths in 1-THF (2.187(8) Å) is only slightly 
shorter in comparison with the related tetrahedral complexes [(NHC)2MnX2] (2.204(4) − 
2.219(3) Å; X = Cl, I; NHC = [C(Me)N(iPr)]2C).6b,c Also the manganese distances to the termi-
nal chlorides in 1-THF (2.306(3) and 2.298(3) Å) are only slightly shorter as against the com-
plex [(NHC)2MnCl2] (2.354(1)− 2.358(1) Å).6b,c 
Complex 1 crystallizes as a chloride-bridged dimer with pseudo-tetrahedral coordinated manga-
nese atoms (Figure 1, right). Two MnCl2(IDipp) fragments are related by an inversion center, 
which resides between the manganese atoms. The structure of 1 is related to complexes [FeCl(µ-
Cl)(IDipp)]2 and [CoX(µ-X)(IDipp)]2 (X = Cl, Br, I) synthesized by the groups of Tonzetich and 
Matsubara.12 The Mn1-C1 bond lengths in 1 (2.182(3) Å) are identical with the ones in 1-THF, 
and the distances to the terminal chlorides 1 (2.3052(9) Å) are also in a similar range. Compared 
to the corresponding distances in [FeCl(µ-Cl)(IDipp)]2 and [CoCl(µ-Cl)(IDipp)]2  (Fe−CCarbene = 
2.090(2)  Å, Fe−Clterminal = 2.2419(7) Å, Co−CCarbene = 2.0298(13) Å, Co−Clterminal = 2.2238(4) Å) 
the bond lengths in 1 are elongated due to the larger ion radius of the high spin d5 center. As one 
would expect, the Mn−Clterminal bond lengths are shorter (0.12 Å) than the Mn−Clbridging distances.  




Figure 1. Solid-state molecular structure of [MnCl2(thf)(IDipp)] (1-THF, left) and [MnCl(µ-Cl)(IDipp)]2 (1, 
right). The hydrogen atoms are omitted for clarity. Thermal ellipsoids are drawn at 40% level. Selected bond 
lengths [Å] and angles [°] 1-THF: Mn1−C1 2.187(8), Mn1−Cl1 2.306(3), Mn1−Cl2 2.298(3), Mn1−O1 
2.132(7), C1−Mn1−Cl1 108.6(3), C1−Mn1−Cl2 116.5(2), C1−Mn1−O1 109.7(3), Cl1−Mn1−Cl2 116.67(15); 
1: Mn1−C1 2.182(3), Mn1−Cl1 2.3052(9), Mn1−Cl2 2.4273(8), Mn1−Cl2’ 2.4252(9), C1−Mn1−Cl1 
111.35(8), C1−Mn1−Cl2 114.66(8), C1−Mn1−Cl2’ 116.75(8), Cl1−Mn1−Cl2 109.32(4), Mn1−Cl2−Mn1’ 
86.42(3), Mn1−Mn1’ 3.3223(10). 
 
Due to the large metal-metal distance of 3.3223(10) Å any significant bonding interactions can 
be excluded. 
The 1H NMR spectrum of 1 (room temperature, C6D6) shows only very broad signals in the range 
of 1.9 to 8.7 ppm. The magnetic moment determined by the Evans method in C6D6 of µeff = 5.8(1) 
µB (per manganese center) agrees with a high spin d5 configuration with no deviation from the 
spin only value for five unpaired electrons per metal ion.13 
We were interested in utilizing 1 as starting material for the preparation of low-coordinate NHC 
manganese(II) complexes and therefore turned to the investigation of salt metathesis reactions 
with s-block alkyls and amides. No defined products were obtained with iPrMgCl. The reaction 
of 1 with four equivalents of MeMgI in tetrahydrofuran gave the dinuclear methyl magnesium 
complex 2 as yellowish crystals (Scheme 3). The yield of 2 could not be determined due to rapid 
decomposition of these crystals to unidentifiable products even at lower temperatures. Thus, a 
complete characterization of 2 was not possible.  
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Scheme 3. Reactivity of 1. 
 
The X-ray diffraction analysis on a single crystal of 2 revealed a centrosymmetric dinuclear 
methyl-bridged magnesium complex with a distorted tetrahedral environment (Figure 2, 
left). Interestingly, the magnesium atoms are coordinated by the NHC and a chloride atom, 
which have been transferred from the manganese complex 1 demonstrating the lability of 
the manganese(II)−carbon bond. The Mg1−C1 (2.228(2) Å) and Mg1−Cl1 (2.3701(9) Å) 
bond distances in 2 compare well to other reported Mg(II) carbene complexes.14 Moreover, 
the Mg2Me2 core exhibits a short Mg−Mg' distance of 2.7362(13) Å, which is a typical 
feature for this type of unit.15  
 
Figure 2. Solid-state molecular structure of [(IDipp)MgMeCl]2 (2, left) and [(IDipp)Mn{N(SiMe3)2}2] (3, 
right). The hydrogen atoms are omitted for clarity. Thermal ellipsoids are drawn at 40% level. Selected bond 
lengths [Å] and angles [°] [(IDipp)MgMeCl]2: Mg1−C1 2.228(2), Mg1−Cl1 2.3701(9), Mg1−C4 2.262(2), 
Mg1−C4’ 2.262(2), Mg1−Mg1’ 2.7362(13), C1−Mg1−Cl1 108.24(6), C1−Mg1−C4 111.03(8)), 
C1−Mg1−C4’ 110.65(8), C4−Mg1−C4’ 105.35(7), Mg1−C4−Mg1’ 74.65(7), Mg1−C4’−Mg1’ 74.65(7), 2: 
Mn1−C1 2.254(2), Mn1−N3 2.0491(19), Mn1−N4 2.0589(18), C1−Mn1−N3 117.75(8), C1−Mn1−N4 
119.87(8), N3−Mn1−N4 122.33(8). 
 
 
In contrast, the low-coordinate complex 3 was isolated from the reaction of 1 with four equiva-
lents of lithium hexamethyldisilazide. (Scheme 3). The compound was obtained in modest yield 
(34%) by crystallization from toluene. Complex 3 shows a similar solubility as 1 and is extremely 
oxygen and moisture sensitive.  
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The molecular structure of 3 shows the formation of a slightly distorted trigonal planar (Σangles =  
359.95°) complex bearing the NHC and two amido ligands. The Mn1−C1 bond length 
(2.254(2) Å) is elongated by 0.07 Å compared to the starting material 1 (Figure 2). In com-
parison with the Mn−Nterminal distances in the related manganese(II) amides 
[Mn{N(SiMe3)2}{µ-N(SiMe3)2}]2 (1.994 Å), [(thf)Li(µ-N(SiMe3)2)2Mn{N(SiMe3)2}] 
(2.023(3) Å), and [Mn{N(SiMe3)2}2(thf)2] (2.033(5) Å) the corresponding bond lengths in 3 are 
longer by 0.02 − 0.07 Å (2.0491(19) – 2.0589(18) Å).16 Very recently, Braunstein and coworkers 
isolated the isostructural complex [(IDipp)Co{N(SiMe3)2}2] and related complexes in the re-
action of [Co{N(SiMe3)2}2] with IDipp.17 According to the smaller ion radius of cobalt(II) 
(d7 high spin) compared to manganese(II) the Co complexes feature shorter Co−CCarbene 
(2.119(3) Å) and Co−N (1.958(3) and 1.966(2) Å) bond length. 
The coordinatively and electronically unsaturated complex 3 features Mn1−H28B and 
Mn1−H39A bond lengths of 2.62(4) and 2.68(3) Å, respectively, which indicate the presence 
of anagostic interactions of the methyl C−H groups of the amide and the manganese atom as 
illustrated in Figure 3.18  
 
Figure 3. Illustration of the possible anagostic interaction in the molecular structure of 3 with highlighted 
Mn−H distances (red) and Mn−H−C angles (blue). 
 
All hydrogen atoms in 3 were located in the Fourier difference map and refined freely. 
Besides these weak electrostatic interactions no other interactions with the metal center 
were detected in the molecular structure of 3. Compley 3 represents a rare example of a 
three-coordinate NHC-stabilized manganese(II) complex. 
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The 1H NMR spectrum of 3 at room temperature (C6D6) shows only broad signals in the range of 
1.3 to 8.5 ppm similar to 1. The solution magnetic moment (Evans’ method) of µeff = 5.8(1) µB is 
very close to the expected spin-only value for a high spin d5 center. 
 
7.3 Conclusion 
In summary, we described the gram scale synthesis of the NHC-stabilized manganese(II) chloride 
1 from commercially available starting materials and investigated its ability as precursor for low-
coordinate manganese(II) NHC complexes. Our results reproduce the work of Tonzetich et al., 
who independently reported the preparation of 1 in 2015.[b] The single crystal X-ray analysis of 
1-THF indicate the dissociation of the dimer 1 in tetrahydrofuran solutions. In addition, XRD 
analysis of the dinuclear compound [(IDipp)MgMeCl]2 (2) showed that the IDipp and the chlo-
ride ligands were transferred from manganese in 1 to the magnesium atom, demonstrating the 
lability of the manganese(II)−carbon bond in 1 as a result of the reaction of 1 with four equivalents 
of MeMgI. The monomeric amide 3 was isolated in modest yield by reacting 1 with four 
equivalents lithium hexamethyldisilazide. Compound 3 features a trigonal planar coordi-
nation environment and represents a rare example of a three-coordinate NHC-stabilized 
manganese(II) complex. Solution magnetic moments showed the presence of d5 high spin 
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7.4 Supporting Information (SI) 
7.4.1 General Procedures  
All experiments were performed under an atmosphere of dry argon using standard Schlenk tech-
niques or an MBraun UniLab glovebox. Solvents were dried and degassed with an MBraun 
SPS800 solvent purification system. Tetrahydrofuran and toluene were further dried by storing 
the solvent over molecular sieves (3 Å). N-pentane was distilled from Na/benzophenone and fur-
ther dried over molecular sieves (3 Å). NMR spectra were recorded on a Bruker Avance 400 spec-
trometers at 300 K and internally referenced to residual solvent resonances. Melting points were 
measured on samples in sealed capillaries on a Stuart SMP10 melting point apparatus. Elemental 
analyses were determined by the analytical department of Regensburg University. The starting 
material 1,3-bis-(2,6-diisopropylphenyl)imidazolin-2-ylidene was prepared according to litera-
ture procedure. Manganese(II) chloride and lithium hexamethyldisilazide were purchased from 
Sigma Aldrich and used as received. 
 
7.4.2 Synthesis of [MnCl(µ-Cl)(IDipp)]2 (1)  
Manganese(II) chloride (557 mg, 4.43 mmol, 1.0 eq) and 1,3-bis-(2,6-diisopropylphenyl)-imid-
azolin-2-ylidene) (1.72 g, 4.43 mmol, 1.0 eq) were dissolved in tetrahydrofuran (50 mL) and the 
mixture was stirred for 21 hours. The solvent was removed in vacuo and the residue extracted 
with toluene (30 mL). After filtration the solution was reduced in volume to 25 mL. Colorless, X-
ray quality crystals of 1 were formed after storing the solution at −30 °C and subsequently washed 
with n-pentane (5 mL). Yield: 1.66 g (73%); m.p. >248 °C (decomp. to a yellowish grey oil); 
elemental analysis calcd. for C27H36N2MnCl2 (M = 514.44): C 63.04, H 7.05, N 5.45, found: C 
63.10, H 6.97, N 5.33; 1H NMR (C6D6, 300 K, 400.13 MHz): δ /ppm = 1.9 (br s), 5.6 (br s), 8.7 
(br s); effective magnetic moment: µeff = 5.8(1) µB. 
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7.4.3 Synthesis of [(IDipp)Mn{N(SiMe3)2}2] (3)  
A solution of lithium hexamethyldisilazide (403 mg, 2.41 mmol, 2.0 eq) in toluene (35 mL) was 
added to a solution of 1 (620 mg, 1.20 mmol, 1.0 eq) in toluene (5 mL) at room temperature. After 
stirring the reaction mixture for three hours at room temperature a colorless precipate was ob-
served and the suspension was filtered. The solution was slightly reduced to 35 mL and filtered 
again in order to remove LiCl entirely. Afterwards the solution is concentrated to 12 mL. By stor-
ing the solution at −35 °C colorless, X-ray quality crystals (216 mg) of 3 were formed and washed 
with n-hexane (2 mL). The solution was further concentrated and stored at −35 °C to yield another 
crop of crystals, which were washed with n-hexane (1 mL). Overall yield: 313 mg (34%); m.p. 
>171 °C (decomp. to a yellow oil); elemental analysis calcd. for C39H72N4MnSi4 (M = 764.31): C 
61.29, H 9.50, N 7.33, found: C 61.64, H 9.36, N 7.12; 1H NMR (C6D6, 300 K, 400.13 MHz) δ 
/ppm = 1.3 (br s), 6.6 (br s), 8.5 (br s); effective magnetic moment: µeff = 5.8(1) µB. 
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7.4.4 X-ray Crystallography 
The single crystal X-ray diffraction data were recorded on an Agilent Technologies Gemini Ultra 
R diffractometer in case of 1 and 2, and an Agilent Technologies SuperNova in case of 1-THF 
and 3 with Cu Kα radiation (λ = 1.54184 Å). Semi-empirical multi-scan absorption corrections16 
and analytical ones20 were applied to the data. The structures were solved with SHELXT21 and 
least-square refinements on F2 were carried out with SHELXL.21 
 
Table S1. Crystallographic data of 1-THF−3. 
Compound 1-THF 1 2 3 
Empirical formula  C38H52Cl2MnN2O  C37.5H48Cl2MnN2  C28H39ClMgN2  C39H72MnN4Si4  
Formula weight  678.65  652.62  463.37  764.30  
Temperature [K]  123(1)  123(1)  123(1)  123(1)  
Crystal system  orthorhombic  monoclinic  monoclinic  triclinic  
Space group  P212121  P21/c  P21/n  P-1  
a [Å]  12.8489(13)  13.20707(17)  12.44207(14)  11.2591(6)  
b [Å]  16.0783(11)  16.3993(2)  14.29553(18)  11.8980(5)  
c [Å]  18.2755(13)  16.8217(2)  16.3144(2)  19.1006(8)  
α [°]  90  90  90  83.979(4)  
β [°]  90  91.7138(11)  94.6791(11)  79.894(4)  
γ [°]  90  90  90  63.325(5)  
Volume [Å3]  3775.5(5)  3641.72(8)  2892.10(6)  2249.9(2)  
Z  4  4  4  2  
ρcalc [g/cm3]  1.194  1.190  1.064  1.128  
µ [mm−1]  4.363  4.485  1.485  3.620  
F(000)  1444.0  1384.0  1000.0  830.0  
Crystal size [mm3]  0.3586 × 0.2153 × 0.2058  
0.3045 × 0.2221 × 
0.2157  
0.4353 × 0.2336 × 
0.2231  
0.3342 × 0.2633 × 
0.146  
Radiation  CuKα (λ = 1.54184)  CuKα (λ = 1.54184)  CuKα (λ = 1.54184)  CuKα (λ = 1.54184) 
2Θ range for data collection [°] 8.41 to 148.31 6.70 to 133.45  8.24 to 133.43  8.32 to 147.44  
Index ranges  −12 ≤ h ≤ 15, −18 ≤ k 
≤ 19, −15 ≤ l ≤ 22  
−15 ≤ h ≤ 15, −18 ≤ 
k ≤ 19, −19 ≤ l ≤ 20  
−14 ≤ h ≤ 13, −16 ≤ 
k ≤ 15, −19 ≤ l ≤ 14  
−9 ≤ h ≤ 13, −14 ≤ k 
≤ 14, −22 ≤ l ≤ 23  
Reflections collected  8378  30162  17902  19269  
Independent reflections  6017 [Rint = 0.0504, 
Rsigma = 0.0721]  
6394 [Rint = 0.0330, 
Rsigma = 0.0250]  
5078 [Rint = 0.0242, 
Rsigma = 0.0196]  
8704 [Rint = 0.0220, 
Rsigma = 0.0265]  
Data/restraints/parameters  6017/96/446  6394/163/445  5078/0/309  8704/0/453  
Goodness-of-fit on F2  1.034  1.045  1.168  1.092  
Final R indexes [I>=2σ (I)]  R1 = 0.0891,  
wR2 = 0.2319  
R1 = 0.0547,  
wR2 = 0.1539  
R1 = 0.0507,  
wR2 = 0.1453  
R1 = 0.0389,  
wR2 = 0.1131  
Final R indexes [all data]  R1 = 0.1046,  
wR2 = 0.2502  
R1 = 0.0612,  
wR2 = 0.1644  
R1 = 0.0528,  
wR2 = 0.1468  
R1 = 0.0415,  
wR2 = 0.1148  
Largest diff. peak/hole [e Å−3] 0.46/−0.58  0.68/−0.50 0.53/−0.33  0.74/−0.35  
Flack parameter 0.060(11) - - - 
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8 Synthesis and Reactivity Studies of a Heteroleptic α-Diimine 
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Maier prepared compound 5 as part of his MSc thesis.  
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8.1 Introduction 
Low-valent cobalt complexes with labile ligands are potentially useful for the activation 
of small molecules, as catalysts and as sources for cobalt anions, but due to the paucity of 
appropriate compounds they have only rarely been applied in this regard.1−4 Heteroleptic 
complexes with both labile and non-labile ligands are particularly promising in this 
context. Based on their good π-accepting properties α-diimines can exhibit substantial 
redox-active character, and therefore they are predestined as electron reservoirs in low-
valent 3d metal complexes. Besides profound experimental and theoretical studies on the 
redox-active nature of formally low-valent homoleptic transition metal complexes rather 
little is known about corresponding heteroleptic α-diimine complexes.5 Uhlig et al. 
reported on the synthesis of anionic complexes B and C by reacting Jonas’ 
bis(cod)cobaltate (A, cod = 1,5-cyclooctadiene) with appropriate α-diimines and 2,2’-
bipyridine, but these compounds were only characterised by elemental analysis and their 
magnetic moments (Chart 1).1,2 By reacting [K([18]crown-6)][Co(η4-C10H8)(cod)] with 
2,2’-bipyridine the group of Ellis obtained complex C, which was structurally 
characterised.3 Very recently, the group of Yang described the synthesis of two dianionic 
cobalt complexes (D and E) by reducing the neutral complex [{CMeN(2,6-
iPr2C6H3)}2Co]2 with sodium metal in presence of pyrene, and investigated their electronic 
configuration by X-ray diffraction analysis, EPR spectroscopy, magnetic susceptibility 
measurement as well as DFT studies.6 
 
Chart 1 Jonas’s [Co(1,5-cod)]− (A) and known heteroleptic α-diimine cobalt anions (B−E). R = p-tolyl, 2,6-
diisopropylphenyl (Dipp), R’ = Dipp.1−3,6 
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However, besides the synthesis and characterisation of these complexes no attempts to 
explore the general reactivity of anionic α-diimine cobalt complexes have been made so 
far.  
Here, we report the preparation of the new complex [K(OEt2)][Co(BIAN)(cod)] (1, Fig. 1b), 
bearing the redox-active BIAN ligand (bis(2,6-diisopropylphenylimino)acenaphthene), as 
well as its reactivity toward carbon disulfide, tert-butylphosphaalkyne and white 
phosphorus for the first time. In the reaction with carbon disulfide and tert-
butylphosphaalkyne the dinuclear dianion 2 bearing a bridging ethylene tetrathiolate 
ligand and the monomeric complex 3 with a terminal 1,3-diphosphacyclobutadiene, 
respectively, are formed upon dimerisation of the substrates in the coordination sphere of 
the metal. Moreover, complex 1 activates P4 selectively under mild conditions, affording the 
new Co2P4 dianion 4. Tetraphosphide 4 features five redox-active entities (2x BIAN, 2x Co, 1x 
P4), including an uncommon rectangular P4 fragment. Preparative oxidation of 4 yields 
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8.2 Results and Discussion 
8.2.1 Synthesis and Characterisation of 1  
[K(Et2O)][Co(BIAN)(cod)] (1) is readily accessible on a gram scale by reacting BIAN 
with [K(thf)0.2][Co(cod)2] in THF at room temperature (Scheme 1). Monitoring by 1H 
NMR spectroscopy revealed a selective reaction course for the formation of 1. Compound 
1 was isolated as a highly oxygen and moisture sensitive black solid by crystallisation from 
diethyl ether in 71% yield. The compound dissolves poorly in non-polar solvents such as 
n-hexane, benzene and toluene, but it is soluble in diethyl ether as well as THF.  
 
 
Scheme 1 Synthesis of 1. 
 
The single crystal X-ray analysis of 1 revealed a slightly distorted square planar 
coordination environment for cobalt with a twist angle of 17.6° (Figure 1a). Compared to 
the starting material A the Co−C bond lengths (2.012(2) − 2.050(2) Å) and the C−C double 
bond lengths of the cod ligand (1.390(4) − 1.396(3) Å) in 1 are in a similar range.1 As 
illustrated in Figure 1b BIAN ligands feature characteristic structural parameters, which 
can be often used for the evaluation of the oxidation levels (closed-shell neutral form 
(BIAN), open-shell π-radical monoanion (BIAN−) and closed-shell dianion 
(BIAN2−)).5,7,8,9 The C1−N1 (1.380(3) Å), C2−N2 (1.382(3) Å) and C1−C2 (1.383(3) Å) 
bond lengths in 1 clearly indicate a BIAN2− ligand, which leaves a formal oxidation state 
of +I for the cobalt atom. The closed-shell dianion (BIAN2−) is more frequently observed 
in formally low-valent complexes of more electropositive elements such as Mg or Al but 
expected for an electron-rich metal centre.9 In contrast, the isoelectronic complex 
[Ni(BIAN)(cod)] synthesised by Stephan et al. features considerably shorter C−N (1.324 
− 1.336 Å) and longer C−C bond distances (1.426 − 1.428 Å) which is presumably due to 
the higher effective nuclear charge of nickel compared to cobalt.10 The potassium cation is 
in contact with the anion via an η4-interaction with the α-diimine unit and additional coordination 
by two THF molecules (Figure 1a). 
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Figure 1 a) solid-state molecular structure of [K(thf)2][Co(BIAN)(cod)] (1). The hydrogen atoms are omitted 
for clarity. Thermal ellipsoids are drawn at 40% level. Selected bond lengths [Å] and angles [°]: Co1−C3 
2.029(2), Co1−C4 2.028(2), Co1−C7 2.050(2), Co1−C8 2.012(2), Co1−N1 1.953(2), Co1−N2 1.936(2), 
C1−N1 1.380(3), C2−N2 1.382(2), C1−C2 1.383(3), C3−C4 1.390(4), C7−C8 1.396(3), N1−Co1−N2 
84.14(7). b) Average C−N and C−C bond lengths of different oxidation states of known BIAN complexes.5,7,8,9 
 
Compound 1 is diamagnetic in agreement with a square planar Co(I) centre and the closed-
shell BIAN2− dianion. However, the 1H NMR spectrum of 1 features slightly broadened 
multiplets (Figure S1). A variable temperature 1H NMR experiment of 1 showed that the 
methine protons of the cod ligand give rise to a multiplet with a half-width of τFWHM(cod-
CH) = 23 Hz at room temperature (THF-d8, Figure S2). Warming the solution to 50 °C 
resulted in a decrease of the half-width to τFWHM(cod-CH) = 12 Hz (Figure S2). In contrast, 
the half-width of the signal of the methyl hydrogen nuclei (Dipp substituent, 
τFWHM(CH(CH3)2) = 12 Hz) did not change upon warming from room temperature to 50 °C. 
In this context it is worth mentioning that Jonas and Ellis also reported broad 1H NMR 
signals for the related cobaltates [Li(thf)2][Co(1,5-cod)2] and [K([18]crown-6)][Co(η4-
C4H6)2].1,3 The 1H and 13C{1H} NMR data of compound 1 show one set of BIAN signals, 
which is in accord with the molecular structure derived by the single crystal X-ray 
diffraction analysis. The cod ligand in 1 gives rise to three multiplets in the 1H NMR 
spectrum at 1.12 (CH2), 2.33 (CH2) and 2.91 (CH) ppm. The latter signal is significantly 
upfield shifted. Ellis et al. presumed an interaction of the electron-rich metal centre with 
the coordinated 1,5-cod as cause for this phenomenon in the anion [Co(cod)2]−.3 The 
13C{1H} NMR spectrum features two signals for the carbon nuclei of the cod ligand at 32.6 
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8.2.2 Reactivity Studies of 1 with Carbon Disulfide and tert-Butylphosphalkyne  
In order to probe the reactivity of the novel cobalt anion we reacted 1 with electrophilic molecules. 
The 1:1 reaction of 1 with carbon disulfide at room temperature in THF gave complex 2 as a dark 
purple, almost black solid in moderate yield by crystallisation from THF/diethyl ether (Scheme 
2). Compound 2 is sparingly soluble in THF and acetonitrile, but soluble in DMF.  
 
Scheme 2 Reactivity of 1 toward carbon disulfide and tert-butylphosphaalkyne. 
 
The molecular structure of 2 shows two (BIAN)Co fragments bridged by a C2S44− unit as an 
outcome of the reductive head-to-head dimerization of CS2 (Figure 2, left).11 The two halves of 
the planar molecule are related by an inversion centre located at the centroid between C3−C3', 
and both cobalt centres possess a square planar coordination environment. Compared to the 
starting material 1 the Co−N bond lengths are shortened by about 0.03 Å. The bridging ligand 
features C−S single bonds (C3−S1 1.756(2) and C3−S2 1.756(2) Å) and a C=C double bond 
(C3−C3' 1.348(3) Å), which are diagnostic for an ethylene tetrathiolate ligand.11 The potassium 
ions in 2 show an η3-interaction with the bridging ligand and are coordinated by two DME 
molecules. The metric parameters of the BIAN ligand (C1−N1 1.332(2), C2−N2 1.332(2), C1−C2 
1.418(2) Å) indicate the presence of a monoanionic π-radical resulting in a formal oxidation state 
of +II for the cobalt centres.  
Compound 2 is diamagnetic probably due to a strong antiferromagnetic coupling between 
the monoanionic BIAN ligands and the Co centres. The 1H and 13C{1H} NMR spectra in 
DMF-d7 of complex 2 feature one signal set for the BIAN ligand and the C2S4 moiety in 
agreement with its symmetric structure. However, the assignment of the quaternary carbon 
nuclei was not possible due to the low solubility of 2. 
The reaction of 1 with two equivalents of tert-butylphosphaalkyne afforded complex 3 in a very 
selective fashion according to 1H NMR monitoring (Scheme 2). Compound 3 was obtained as a 
dark turquoise, almost black solid in 71% isolated yield by crystallisation from THF/n-hexane. 
The isolated crystals are soluble in diethyl ether, THF and acetonitrile.  
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Figure 2 Solid-state molecular structure of [K(dme)2]2[{(BIAN)Co}2(µ-C2S4)] (2, left), 
[K(thf)3][(BIAN)Co(P2C2tBu2)] (3, right). The hydrogen atoms are omitted for clarity. Thermal ellipsoids are 
drawn at 40% level. Selected bond lengths [Å] and angles [°] 2: Co1−S1 2.1682(4), Co1−S2' 2.1786(5), Co1−N1 
1.911(1), Co1−N2 1.914(1), C3−S1 1.756(2), C3−S2 1.756(2), C3−C3' 1.348(3), C1−N1 1.332(2), C2−N2 1.332(2), 
C1−C2 1.418(2), S1−C3−S2 120.70(9), S2−C3−C3' 119.8(2), S1−C3−C3' 119.5(2), N1−Co1−N2 83.34(6), 3: Co1−P1 
2.2673(13) (2.261(1)), Co1−P2 2.268(1) (2.274(1)), Co1−C3 2.096(4) (2.103(5)), Co1−C4 2.106(4) (2.098(4)), 
Co1−N1 1.929(3) (1.923(4)), Co1−N2 1.909(4) (1.912(4)), C1−N1 1.358(6) (1.363(6)), C2−N2 1.351(5) (1.354(6)), 
C1−C2 1.398(6) (1.393(6)), P1−C3 1.803(5) (1.788(5)), P2−C4 1.802(4) (1.788(5)), P1−C3−P2 98.3(2) (98.5(2)), 
C3−P2−C4 81.4(2) (81.4(2)), N1−Co1−N2 84.3(2) (84.5(2)). 
 
The molecular structure of 3 reveals that the labile cod ligand has been replaced by an η4-
coordinated 1,3-diphosphacyclobutadiene ligand as a result of the cyclodimerisation of the 
substrate in the coordination sphere of cobalt (Figure 2, right). Two similar but 
crystallographically independent molecules are present in the asymmetric unit. The P−C 
bond lengths (1.786(5) − 1.803(5) Å) of the P2C2 ring in 3 are similar and characteristic 
for 1,3-disphosphacyclobutadienes coordinated to 3d metals.12−15 Also, the metal−carbon 
(2.096(4) − 2.106(4) Å) and metal−phosphorus distances (2.261(1) − 2.274(1) Å) compare 
well to related neutral and anionic cobalt 1,3-disphosphacyclobutadiene complexes.12,13,15 
The C−N (1.351(5) − 1.363(6) Å)) and C−C (C1−C2 (1.398(6) and (1.393(6) Å) bond 
lengths of the α-diimine are typical for an open-shell monoanion. Again, the potassium 
cation interacts with the anion, featuring an η1-coordination by one phosphorus atom 
(3.357(2) and 3.395(2) Å) of the P2C2 ring and an arene η6-interaction (C−C distances 
range from 3.184(5) to 3.374(5) Å) of the Dipp group.  
Neutral, heteroleptic transition metal complexes with terminal η4-1,3-
disphosphacyclobutadiene ligands are well-known,12−14 however, the only known anionic 
transition metal complexes of this type, [n-Bu4N][(η5-C2B9H11)Rh(η4-C2P2tBu2)] and 
[K([18]crown-6)(thf)2][Cp*Fe(η4-C2P2tBu2)], were synthesised by Stone et al. and 
recently by our group.16 Thus, 3 represents a rare example of a heteroleptic transition metal 
anion with a terminal η4-1,3-disphosphacyclobutadiene ligand and the first cobalt complex 
of this type. 
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The 1H NMR spectrum in THF-d8 of compound 3 shows one singlet at 0.93 ppm for the 
tBu groups at room temperature. In the 31P{1H} NMR spectrum one singlet at 1.8 ppm was 
observed in agreement with a symmetric structure present in solution. 
 
8.2.3 Selective P4 Activation by 1 
Transition metal-mediated transformations of white phosphorus (P4) may open new 
avenues to the efficient and environmentally benign synthesis of organophosphorus 
compounds.17 Despite much research in this area, many established P4 activation protocols 
suffer from low selectivities. 
In the past, transition metal polyphosphide anions have been prepared by reaction of alkali 
metal polyphosphides, e.g. K3P7, with transition metal complexes18 or by reducing neutral 
polyphosphido complexes with alkali metals.19,20 Anionic transition metalates have rarely 
been used for the synthesis of polyphosphide anions directly from P4 (Chart 2).21−23 Ellis 
et al. obtained the intriguing sandwich complex F by reacting [Ti(C10H8)3]2− (C10H8 = 
naphthalene) with P4.21 Cummins et al. prepared the (ArO)3NbP3− anion G (Ar = 2,6-
iPr2C6H3) by reacting [NbCl2(OAr)3(thf)] with Na/Hg and P4.22 Compound G was 
subsequently used as a P33− transfer agent, producing unique EP3 molecules (E = As, Sb). 
Using a similar approach as Ellis, our group described the synthesis of complexes H and 
I by reacting [Cp*Fe(C10H8)]− with P4.23 The distinct molecular structures of H and I 
illustrate the potential complexity of such seemingly simple transformations. 
 
Chart 2. Anionic transition metal phosphides directly obtained by P4 activation. 
 
We envisioned that the use of 1 for the activation of white phosphorus should result in the 
formation of an anionic cobalt phosphide, which is potentially useful as starting material 
for further functionalisation with electrophilic substrates. The reaction of 1 with white 
phosphorus in THF at room temperature very selectively (according to 1H and 31P{1H} 
NMR spectroscopy) yielded the dinuclear complex [K(thf)]2[{(BIAN)Co}2(µ-η4:η4-P4)] 
(4) (Scheme 3). Complex 4 was isolated as a black solid in 61% yield and is only barely 
soluble in THF and acetonitrile, but dissolves well in DMF. 
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Scheme 3. Selective P4 activation by anion 1. 
 
The X-ray diffraction analysis shows an unprecedented dianionic and highly symmetric 
inverted sandwich cobalt complex featuring a rectangular cyclo-P4 ligand (Figure 3). 
Indeed, the two halves of the molecule are related by an inversion centre located at the 
centroid of the P4-rectangle. Due to the Co1−Co1’ distance of 3.27325(3) Å any significant 
interaction between the metal centres can be excluded. The characteristic bond parameters 
of the BIAN ligand (C1−N1 1.34769(2), C2−N2 1.34279(2) and C1−C2 1.40378(2) Å) 
indicate the presence of an open-shell π-radical monoanion. While P1−P2 (2.161(1) Å) lies 
in the range observed for aromatic P42− anions (cf. P−P 2.146(1) and 2.1484(9) Å in Korber’s 
tetraphosphide Cs2P4·2NH3),24,25 P1−P2' (2.500(1) Å) is longer than a typical P−P single 
bond,19b,26 but shorter than a van der Waals-contact.27  
 
Figure 3 Solid-state molecular structure of [K(OEt2)]2[{(BIAN)Co}2(µ-η4:η4-P4)] (4). The hydrogen atoms 
are omitted for clarity. Thermal ellipsoids are drawn at 40% level. Selected bond lengths [Å] and angles [°]: 
Co1−Co1’ 3.2733(9), P1−P2 2.161(1), P1−P2' 2.500(1), Co1−P1 2.3209(9), Co1−P2 2.3342(9), Co1−P1’ 2.3195(9), 
Co1−P2’ 2.3285(9), Co1−N1 1.930(2), Co1−N2 1.932(2), C1−N1 1.348(2), C2−N2 1.343(4), C1−C2 1.404(4), 
P1−P2−P1’ 89.45(4), P2−P1’−P2' 90.55(4), N1−Co1−N2 83.32(9).  
 
 
These structural parameters indicate that the structure of the P4 moiety may be viewed as an 
intermediate of two resonance structures comprising two P22− dianions (I, Figure 5a) and a P44− 
unit (II, vide infra). 
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The 31P{1H} NMR spectrum of 4 in DMF-d7 shows one singlet at −45.9 ppm for the P4 ligand, 
which is consistent with its highly symmetric molecular structure. The 13C{1H} NMR spectrum 
(DMF-d7) of 4 in  gives rise to broad and overlapping signals for the aromatic carbon nuclei of 
the Dipp and BIAN units. In addition, one quaternary carbon atom of the BIAN ligand was not 
detected probably due to the broad and overlapping signals (Fig. S5). 
 
8.2.4 UV-Vis and NIR Spectrocopy 
Compounds 1−4 feature intense colours in solution and are almost black in the solid-state. 
The UV-Vis spectrum of 1 in THF shows one intense absorption at 289 nm, as well as two 
bands in the visual region at 441 and 663 nm (Figure S7). Interestingly, the latter 
absorption maximum is shifted to 485 nm in the UV-Vis spectrum of 1 in diethyl ether, 
which is indicative for positive solvatochromism,28 a phenomenon typically observed for 
unsymmetrical ligand-to-ligand charge transfer (LL'CT) complexes.29,30 Unsymmetrical 
LL'CT complexes are characterised by an electron-rich donor ligand and an electron 
accepting ligand, both possessing extended π-systems. Ideally these complexes are square 
planar resulting in an intensification of the electron transition between the coplanar 
ligands. In case of complex 1, the donating ligand is probably the dianionic BIAN ligand 
and accordingly cod the acceptor. 
By contrast, complexes 2−4 possess broad and medium intense bands in the visible and 
NIR range (Figure S8 and S9), which are indicative for radical anionic α-diimine ligands 
in agreement with the results of the X-ray diffraction analysis.  
Compound 2 features absorption maxima at 346, 463, 507 and 687 nm in the UV-Vis 
spectrum (THF, Figure S8, bottom). In addition, intense and broad bands were detected in 
the near-infrared region at 940, 1056 and 1258 nm. These low energy transitions are 
indicative for the delocalisation of the π-systems of the BIAN and the ethylene tetrathiolate 
ligands over the two halves of the completely planar molecule and a strong mixing of the 
metal d-orbitals resulting in so-called mixed-metal-ligand-to-ligand charge transfers 
(MMLL'CT). Heyduk and coworkers recently reported the synthesis of square planar 
nickel(II) LL'CT complexes bearing 2,2'-bipyridine and catecholate or azanidophenolate 
ligands with similar broad near-IR bands compared to 2.29 Furthermore, complex 2 shows 
no solvatochromism probably due to the highly symmetrical structure. The UV-Vis spectra 
of 3 and 4 in THF feature intense absorptions at 294, 388, 605 as well as 738 nm (Figure 
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8.2.5 Cyclic Voltammetry 
The electrochemical properties of compounds 1−4 were investigated by cyclic 
voltammetry. All potentials given are referenced to the [Cp2Fe]+/0 (Fc) couple. The cyclic 
voltammogram (CV, Figure S10) of 1 in THF/[Bu4N][PF6] shows one quasi-reversible 
one-electron oxidation process at E1/2 = −1.72 V, which indicates that 1 is a strong reductand. 
A very broad, irreversible oxidation wave was detected at Epa = −0.1 V and secondary processes 
at E1/2 = −2.0 V were also observed. In contrast, complex 2 features four reversible one-electron 
oxidation processes at E1/2 = −1.60, −1.03, −0.44 and +0.08 V (THF, Figure 4, top). Halve-wave 
potentials of E1/2 = −1.35, −0.88, −0.79 and +0.02 V were found in acetonitrile with the second 
and third oxidation waves partially overlapping (Figure S11).  
 
 
Figure 4 Cyclic voltammograms of 2 (top) and 4 (bottom) in THF/[Bu4N][PF6] with a platinum disc working 
electrode, a platinum wire as counter electrode and a silver wire as pseudoreference electrode. v = 100 mV s−1. 
 
The CV of compound 3 in THF shows a quasi-reversible oxidation at −1.25 V, a reversible 
oxidation at −0.67 V (Figure S12) and an irreversible oxidation process at Epa = –0.74 V. In 
addition, secondary processes were observed at E1/2 = −1.05 V, along with an irreversible 
reduction at Epc = −1.57 V.  
The cyclic voltammogram of 4 (THF/[Bu4N][PF6]) features two reversible one-electron oxidation 
processes at E1/2 = −1.98 V and −1.26 V, and an irreversible two-electron oxidation at Epa = –
0.43 V (Figure 4, bottom). Additional weak irreversible processes at Epa = −0.66 V and Epc = 
−1.58 V presumably arise from secondary redox processes derived from the irreversible oxidation 
products.  
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8.2.6 Chemical Oxidation of the Dianion 4 
Stimulated by the promising CV data of 4, we synthesised the monoanion 
[K(OEt2)][{(BIAN)Co}2(µ-η4:η4-P4)] (5) by reacting 4 with one equivalent of [Cp2Fe]BArF4 in 
THF (Scheme 4).  
 
Scheme 4. Chemical oxidation of dianion 4. 
 
Single-crystal XRD (Figure 5) confirmed the presence of monoanionic BIAN− anions (C1−N1 
1.32(1), C2−N2 1.32(1) and C1−C2 1.44(1) Å) with little back bonding of the metal.8 Compared 
to 4, the Co−Co distance is increased by 0.2 Å. The potassium ion is disordered over two positions 
and shows the same ligand environment as in 4. The structure of the central P4 moiety is distinct 
from 4 and shows a slightly rhombic arrangement (P1−P2−P1' 86.8(1) and P2−P1'−P2' 93.2(1) Å) 
with P−P single bonds (2.224(4) − 2.226(4) Å). In addition, the P4 fragment is rotated about the 
Co-Co axis by 45° as against in 4. These structural data indicate that 5 represents the first example 
of a 3d metal complex bearing a cyclo-P44− ligand (resonance structure II, Figure 6d), a framework 
that was previously only observed for a few Zr, Nb and Ta complexes.  
Complex 5 is paramagnetic and gives rise to broad 1H NMR signals in the range −0.9 to 19.3 ppm, 
which could not unambiguously be assigned due to overlap of compound and solvent signals. 
Nonetheless, the presence of seven signals in the 1H NMR spectrum indicates a highly symmetric 
structure in solution in agreement with the single-crystal X-ray structure. The solution magnetic 
moment (Evans method, THF-d8) of 2.0(1) µB indicates the presence of one unpaired electron per 
molecule. 
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Figure 5. Solid-state molecular structure [K(OEt2)][{(BIAN)Co}2(µ-η4:η4-P4)] (5). The hydrogen atoms are 
omitted for clarity. Thermal ellipsoids are drawn at 40% level. Selected bond lengths [Å] and angles [°]:  
Co1−Co1’ 3.469(3), P1−P2 2.224(4), P1−P2' 2.226(4), Co1−P1 2.309(3), Co1−P2 2.367(3), Co1−P1’ 2.315(3), 
Co1−P2’ 2.375(3), Co1−N1 1.938(7), Co1−N2 1.919(7), C1−N1 1.32(1), C2−N2 1.32(1), C1−C2 1.44(1), 
P1−P2−P1’ 86.8(1), P2−P1’−P2' 93.2(1), N1−Co1−N2 82. 2(3). 
 
It is illuminating to compare the molecular structures of 4 and 5 with the recently reported anions 
[{(nacnac)Co}2(µ-η4:η4-P4)]− (K) and [{(nacnac)Fe}2(µ-η2:η2-P2)2]− (M), prepared by Driess et al. 
by one-electron reduction of the neutral precursors J and L (Figure 6b).20 Complex J features an 
unusual neutral cyclo-P4 ligand (Figure 6, IV), which transforms into a cyclo-P42− dianion (III) 
upon one-electron reduction of the complex. By contrast, neutral L and the corresponding 
monoanion M feature identical the Fe2P4 cores with non-interacting P22− units (Figure 6, I). Very 
recently, the group of Scheer also reported on the related neutral species [{(nacnac)Fe}2(µ-η4:η4-
P4)] (N, Figure 6c) and [{(nacnac)Fe}4(µ4-η2:η2:η2:η2-P8)] (O).31 They compared the steric 
influence of different nacnac ligands in the reactions of complexes of type [(nacnac)Fe(toluene)] 
with P4. While Complex N shows also a cyclo-P42− dianion (III) with very similar P−P bond 
lengths as K, compound O features a realgar-type P8 ligand by use of sterically less demanding 
2,6-dimethylphenyl groups at the N atoms of the ligand. 
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Figure 6. a) Structural data of 4 and 5 containing redox-active BIAN− ligand. b) and c) structural data of nacnac− 
compexes J−N prepared by Driess et al. and Scheer et al.. For J and K: R = H ; R’ = Dipp; for a related complex with 
similar bond parameters also presented by Driess et al.: R = Me; R’ = 2,6-EtC6H3.20,31 d) Schematic representation of 
possible structures for a planar P4 framework. 
 
The central P4 moiety of 4 (Figure 6a) is distinct from F – N and may be viewed as a “snapshot” 
on the way from two separated P22- units (I, Figure 6d) to a P44- ring (II). The rectangular cyclo-
P44− fragment of 4 rearranges to a slightly rhombic cyclo-P44− unit in 5 upon oxidation 4 → 5. 
Apparently, the more electron-rich nature of the (BIAN)Co unit of 5 compared to the (nacnac)Co 
fragment in the isoelectronic complex K leads to a higher degree of reduction of the P4 framework. 
A similar redox neutral rearrangement was observed by Roesky et al. for the reduction of the 
cyclopentadienylcobalt complex [(Cp‴Co)2(µ,η2:η2-P2)2] (Cp‴ = 1,2,4-tBu3C5H2) with 
samarocenes. In this case, an acyclic P44− entity was observed.32 Previous reports on neutral 
cyclopentadienyl complexes CpR2M2P4 (CpR = substituted cyclopentadienyl ligand, M = Fe and 
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8.3 Conclusion 
In summary, the new BIAN cobalt complex 1 is accessible from [Co(cod)2]− via straightforward 
substitution of one cod ligand. The dinuclear complex 2 with a bridging ethylene tetrathiolate 
ligand was accessed by the reductive dimerisation of carbon disufide with 1. The reaction of 1 
with two equivalents of tert-butylphosphaalkyne afforded complex 3 bearing an η4-1,3-
disphosphacyclobutadiene ligand. Activation of P4 gave the dianionic complex 4, which 
features an unusual rectangular P44- framework. Oxidation of 4 afforded monoanionic 5 with a 
rare rhombic cyclo-P44− ligand. The use of a redox-active dimine ligand appears crucial for 
achieving a high degree of P4 reduction. Subsequent reactions could lead to the functionalisation 
of the P4 moiety in the coordination sphere of the cobalt centres. This aspect of the reactivity of 
phosphide anions 4 and 5 is an attractive target for future investigations. The reactivity of 1 and 
related complexes with other small molecules as well as potential catalytic applications appears 
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8.4 Supporting Information 
8.4.1 General Procedures 
All  experiments  were  performed  under  an  atmosphere  of  dry  argon using standard Schlenk 
techniques or an MBraun UniLab glovebox. Solvents were dried and degassed with an MBraun 
SPS800 solvent purification system. Tetrahydrofuran and toluene were stored over molecular 
sieves (3 Å). Diethyl ether and n-hexane were stored over a potassium mirror. NMR spectra were 
recorded on Bruker Avance 300 and Avance 400 spectrometers at 300 K and internally referenced 
to residual solvent resonances. Melting points were measured on samples in sealed capillaries on 
a Stuart SMP10 melting point apparatus. UV/Vis spectra were recorded on a Varian Cary 50 
spectrophotometer. NIR spectra were recorded on a Bruins Instruments Omega 20. Elemental 
analyses were determined by the analytical department of Regensburg University. The starting 
materials [K(thf)0.2][Co(1,5-cod)2]1, BIAN2 and tBuCP3 were prepared according to literature 
procedures. CS2 was purchased from Merck, degassed and dried over molecular sieves (3 Å) 
before use. 
 
8.4.2 Synthesis of [K(OEt2)][Co(BIAN)(cod)] (1) 
A solution of BIAN (1.005 g, 2.01 mmol, 1.0 eq) in THF (70 mL) was added to a solution of 
[K(thf)0.2][Co(1,5-cod)2] (660 mg, 2.01 mmol, 1.0 eq) in THF (10 mL). An immediate colour 
change to dark green was observed. After stirring the reaction mixture for two hours, the solvent 
was removed and the residue was extracted with diethyl ether (200 mL). The filtrate was 
concentrated to 75 mL and stored at room temperature. Dark green microcrystals of 1 formed 
upon storing for one day. Crystals suitable for X-Ray diffraction were obtained by diffusion of 
n-hexane into a concentrated THF solution of 1. Yield 1.116 g (71%); m.p. >230 °C (decomp. to 
a black oil); UV/Vis (THF, λmax /nm, (εmax /L·mol−1·cm−1)): 289 (26000), 441 (12000), 663 (8500), 
UV/Vis (Et2O): 284 (24000), 436 (8500), 485 (9000); elemental analysis calcd. for 
C52H72N2CoKO2 (M = 855.19): C 73.03, H 8.49, N 3.28, found.: C 73.32, H 7.59, N 3.59; 1H 
NMR (THF-d8, 300 K, 400.13 MHz) δ /ppm = 0.96 (br m, 12H, CH(CH3)2), 1.12 (br m, 10H, 
Et2O/cod-CH2), 1.38 (br m, 12H, CH(CH3)2), 2.33 (br m, 4H, cod-CH2), 2.91 (br m, 4H, cod-CH), 
4.50 (br m, 4H, CH(CH3)2), 4.89 (br m, 2H, CHBIAN), 6.20 (br m, 2H, CHBIAN), 6.28 (br m, 2H, 
CHBIAN), 7.00−7.09 (br m, 6H, meta-/para-CHDipp); 1H NMR (THF-d8, 333 K, 400.13 MHz) δ 
/ppm = 0.96−0.99 (br m, 16H, CH(CH3)2/cod-CH2), 1.41 (d, 3JHH = 6.6 Hz, 12H, CH(CH3)2), 2.34 
(br m, 4H, cod-CH2), 2.90 (br m, 4H, cod-CH), 4.48 (sept., 3JHH = 6.6 Hz, 4H, CH(CH3)2), 5.01 
(d, 3JHH = 6.3 Hz, 2H, CHBIAN), 6.28 (t, 3JHH = 7.7 Hz, 2H, CHBIAN), 6.34 (t, 3JHH = 7.7 Hz, 
CHBIAN), 7.01−7.08 (br m, 6H, meta-/para-CHDipp); 13C{1H} NMR (THF-d8, 300 K, 100.61 MHz) 
δ /ppm = 24.9 (CH(CH3)2), 25.4 (CH(CH3)2), 28.1 (CH(CH3)2), 32.6 (cod-CH2), 64.1 (cod-CH), 
114.3 (CHBIAN), 118.6 (CHBIAN), 122.7 (CHDipp), 122.9 (CHDipp), 127.3 (CHBIAN), 127.5 (CBIAN), 
135.8 (CBIAN) 137.8 (CBIAN), 143.5 (CBIAN), 145.2 (ortho-CHDipp), 154.8 (ipso-CHDipp). 
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Figure S2. 1H NMR spectrum of 1 (400.16 MHz, THF-d8) at variable temperatures. 
 
8.4.3 Synthesis of [K(thf)2]2[{(BIAN)Co}2(µ-C2S4)] (2)  
A solution of CS2 (0.54 M, 0.30 mL, 0.16 mmol, 1.0 eq) in THF was added dropwise to a cooled 
(−70 °C) solution of 1 (125 mg, 0.160 mmol, 1.0 eq) in THF (12 mL). Afterwards the solution 
was warmed to room temperature and stirred for 40 hours. Subsequently, the reaction mixture 
was filtered and concentrated to 9 mL. Dark purple microcrystals formed upon layering this 
solution with diethyl ether (20 mL). Crystals suitable for X-Ray diffraction were obtained by 
storing a concentrated DME solution of 2 at room temperature. Yield 53 mg (40%); m.p.  >295 
°C (decomp. to a black and an orange oil); UV/Vis (THF, λmax (nm, εmax /L·mol−1·cm−1)): 346 
(27000), 463 (15000), 507 (23000), 687 (14000); NIR (THF, λmax (nm, εmax /L·mol−1·cm−1)): 
sh940 (18700), 1056 (21600), sh1258 (9900); elemental analysis calcd. for C80H112N4Co2K2O4S4 
(M = 1638.21): C 65.99, H 6.89, N 3.42, found.: C 65.64, H 7.06, N 3.08; 1H NMR (DMF-d7, 
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300 K, 400.13 MHz) δ /ppm = 0.73 (br m, 24H, CH(CH3)2), 1.18 (br m, 24H, CH(CH3)2),  
3.45−3.75 (br overlapping m, 24H, THF/CH(CH3)2), 6.30 (br m, 4H, CHBIAN), 6.87 (br m, 4H, 
CHBIAN), 7.21 (br m, 8H, meta-CHDipp), 7.48 (br m, 4H, para-CHDipp), 8.57 (br m, 4H, CHBIAN); 
13C{1H} NMR (DMF-d7, 300 K, 100.61 MHz) δ /ppm = 24.7 (CH(CH3)2), 25.9 (CH(CH3)2), 28.8 
(CH(CH3)2), 109.8 (CHDipp), 114.5 (CHBIAN), 121.1 (CHBIAN), 126.6 (CHDipp), 131.2, 133.8, 135.1 
(CHBIAN), 140.8, 153.2, 154.7, 155.9, 165.1. 
 
 
Figure S3. 1H (top) and 13C{1H} NMR spectra (bottom) of 2 (400.16/100.61 MHz, DMF-d7, 300 K bottom). 
 
8.4.4 Synthesis of [K(thf)3][Co(BIAN)(P2C2tBu)] (3)  
A solution of tBuCP (0.20 M, 0.70 mL, 0.14 mmol, 2.0 eq) in THF was added dropwise to a 
cooled (−70 °C) solution of 1 (56 mg, 0.071 mmol, 1.0 eq) in THF (5 mL). The solution was 
warmed to room temperature and stirred for 22 hours. After removal of the solvent, the residue 
was extracted with THF (1.0 mL). Dark turquoise X-ray quality crystals of 3 formed by diffusing 
n-hexane into this solution over the course of one day. Yield 51 mg (71%); m.p. 245 °C; UV/Vis 
(THF, λmax (nm, εmax /L·mol−1·cm−1)): 294 (22800), 388 (6000), 605 (16700), 738 (7800); 
elemental analysis calcd. for C58H82N2CoKO3P2 (M = 1014.48): C 68.62, H 8.14, N 2.76, found.: 
C 68.63, H 7.96, N 2.60; 1H NMR (THF-d8, 300 K, 400.13 MHz) δ /ppm = 0.80 (br m, 12H, 
CH(CH3)2), 0.93 (br s, 18H, C(CH3)3), 1.33 (br m, 12H, CH(CH3)2), 5.00 (br m, 6H, 
CH(CH3)2/CHBIAN), 6.36 (br m, 2H, CHBIAN), 6.61 (br m, 2H, CHBIAN), 7.14 (br m, 6H, meta-
/para-CHDipp); 13C{1H} NMR (THF-d8, 300 K, 100.61 MHz) δ /ppm = 25.2 (CH(CH3)2), 26.4 
(CH(CH3)2), 28.7 (CH(CH3)2), 32.5 (t, 3JPC = 4.9 Hz, C(CH3)3), 34.3 (t, 2JPC = 6.6 Hz, C(CH3)3), 
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89.4 (t, 1JPC = 49.5 Hz, P-C), 116.4 (CHBIAN), 119.3 (CHBIAN), 123.4 (CHDipp), 123.5 (CHDipp), 
127.5 (CHBIAN), 128.9 (CBIAN), 136.1 (CBIAN) 137.3 (CBIAN), 143.5 (CBIAN), 146.9 (ortho-CDipp), 
160.5 (ipso-CDipp); 31P{1H} NMR (THF-d8, 300 K, 161.98 MHz) δ /ppm = 1.8 (s). 
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8.4.5 Synthesis of [K(thf)]2[{(BIAN)Co}2(µ-η4:η4-P4)] (4)  
P4 (26 mg, 0.21 mmol, 1.0 eq) was added at room temperature to a solution of 1 (328 mg, 
0.420 mmol, 2.0 eq) in THF (10 mL). After the resulting violet reaction mixture was stirred for 
23 hours the solution was filtered and the residue extracted with 2 mL of THF. The filtrate was 
concentrated to ~7 mL and layered with diethyl ether (~25 mL). Dark microcrystals of 4 formed 
upon storing the solution for one week at room temperature. X-ray quality crystals of 4 were 
obtained by storing a concentrated diethyl ether solution of 4 at room temperature. Yield 188 mg 
(61%). m.p.  No melting point or decomposition was observed up to 300 °C; UV/Vis (THF, λmax 
(nm, εmax /L·mol−1·cm−1)): 345 (24200), 585 (35200); elemental analysis calcd. for 
C80H96N4Co2K2O2 (M = 1465.63): C 65.56, H 6.60, N 3.82, found.: C 64.78, H 6.24, N 3.83; 1H 
NMR (DMF-d7, 300 K, 400.13 MHz) δ /ppm = 0.78 (br m, 24H, CH(CH3)2), 1.40 (br m, 24H, 
CH(CH3)2),  4.32 (br m, 8H, CH(CH3)2), 5.07 (br m, 4H, CHBIAN), 6.31 (br m, 4H, CHBIAN), 6.53 
(br m, 4H, CHBIAN), 7.05 (br m, 12H, meta-/para-CHDipp); 13C{1H} NMR (DMF-d7, 300 K, 
100.61 MHz) δ /ppm = 25.8 (CH(CH3)2), 26.0 (CH(CH3)2), 27.9 (CH(CH3)2), 114.2 (br s, 
CHBIAN), 118.0 (br s, CHBIAN), 122.2 (br s, meta-CDipp), 123.2 (br s, para-CDipp), 128.1 (br s, 
CHBIAN), 128.7 (br s, CBIAN), 137.2 (br s, CBIAN), 141.5 (br s, CBIAN), 144.0 (br s, ortho-CDipp), 
157.6 (br s, ipso-CDipp) (One 13C signal of a quarternary carbon atom of the BIAN ligand could 
not be detected probably due to broad and overlapping signals); 31P{1H} NMR (DMF-d7, 300 K, 
161.98 MHz) δ /ppm = −45.9 (s). 
 




Figure S5. 1H (top), 13C{1H} (middle) and 31P{1H} NMR spectra (bottom) of 4 (400.16/100.61/161.98 MHz, DMF-d7, 
300 K). 
 
8.4.6 Synthesis of [K(OEt2)][{(BIAN)Co}2(µ-η4:η4-P4)] (5)  
A solution of [Cp2Fe]BArF4 (55 mg, 0.053 mmol, 1.0 eq) in THF (1 mL) was added dropwise to 
a suspension of 4 (77 mg, 0.053 mmol, 1.0 eq) in THF (3 mL). An immediate colour change to 
dark blue was observed. After stirring the reaction mixture for 24 hours, the solvent was removed 
and the residue was washed with n-hexane (7 mL) The residue was extracted with diethyl ether 
(8 mL), the filtrate was concentrated to 3 mL and stored at room temperature for five days. Dark 
blue X-ray quality crystals of 5 formed upon storing for one day. Yield 29 mg (41%); m.p.  No 
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melting point or decomposition was observed up to 300 °C; UV/Vis (THF, λmax (nm, εmax 
/L·mol−1·cm−1)): 337 (14500), 575 (19000); elemental analysis calcd. for C76H90N4Co2KOP4 (M 
= 1356.44): C 67.30, H 6.69, N 4.13, found: C 68.29, H 6.73, N 4.11; Effective magnetic moment 
(THF-d8): µeff = 2.0(1) µB.1H NMR (THF-d8, 300 K, 400.13 MHz) δ /ppm = −0.9 (br s), 0.8−1.2 
(br m, overlap with Et2O), 3.4 (br s, overlap with Et2O), 7.29 (br s), 17.4 (br s), 19.3 (br s). 
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8.5 X-ray Crystallography 
The single crystal X-ray diffraction data were recorded on an Agilent Technologies Gemini Ultra 
R and in case of compound 3 on a GV1000 diffractometer with microfocus Cu Kα radiation (λ = 
1.54184 Å). Emperical multi-scan4 and analytical absorption corrections5 and in case of 3 
empirical4 and numerical6 ones were applied to the data. The structures were solved with 
SHELXT5 and least-square refinements on F2 were carried out with SHELXL.8  
 
Table S1. Crystallographic data of 1−5. 
Compound 1 2 3 
Empirical formula  C52H68CoKN2O2  C60H84CoKN2O3.5P2  C90H120Co2K2N4O8S4  
Formula weight  851.11  1049.26  1710.19  
Temperature [K]  123(1)  123(1)  123(1)  
Crystal system  triclinic  monoclinic  triclinic  
Space group  P-1  Pn  P-1  
a [Å]  11.2499(4)  15.4510(2)  12.1308(3)  
b [Å]  11.5370(4)  21.0207(2)  14.1427(4)  
c [Å] 20.3034(6)  18.2194(1)  15.3246(4)  
α [°]  91.310(3)  90  109.450(2)  
β [°]  99.660(3)  102.473(1)  91.384(2)  
γ [°]  119.140(4)  90  112.585(3)  
Volume [Å3] 2252.24(15)  5777.82(9)  2253.81(11)  
Z  2  4  1  
ρcalc [g/cm3] 1.255  1.206  1.260  
µ [mm−1] 4.127  3.837  5.004  
F(000)  912.0  2248.0  908.0  
Crystal size [mm3] 0.277 × 0.143 × 0.048  0.255 × 0.153 × 0.044  0.178 × 0.137 × 0.0545  
Radiation  CuKα (λ = 1.54184)  CuKα (λ = 1.54184)  CuKα (λ = 1.54184)  
2Θ range for data collection [°]  8.84 to 133.51  7.21 to 133.53  7.63 to 146.74  
Index ranges  −13 ≤ h ≤ 13, −9 ≤ k ≤ 13, 
−23 ≤ l ≤ 24  
−18 ≤ h ≤ 18, −24 ≤ k ≤ 25,  
−18 ≤ l ≤ 21  
−13 ≤ h ≤ 14, −16 ≤ k ≤ 17, 
−18 ≤ l ≤ 19  
Reflections collected  21844  70293  21099  
Independent reflections  7903 [Rint = 0.0364,  
Rsigma = 0.0396]  
17913 [Rint = 0.0384,  
Rsigma = 0.0348]  
8724 [Rint = 0.0307,  
Rsigma = 0.0343]  
Data / restraints / parameters  7903 / 0 / 542  17913 / 386 / 1369  8724 / 0 / 508  
Goodness-of-fit on F2  1.046  1.022  1.031  
Final R indexes [I>=2σ (I)]  R1 = 0.0403,  
wR2 = 0.1036  
R1 = 0.0426,  
wR2 = 0.1143  
R1 = 0.0318,  
wR2 = 0.0787  
Final R indexes [all data]  R1 = 0.0450,  
wR2 = 0.1072  
R1 = 0.0486,  
wR2 = 0.1188  
R1 = 0.0352,  
wR2 = 0.0815  
Largest diff. peak/hole  [e Å−3] 0.40/−0.47  0.80/−0.47  0.88/−0.33  
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Compound 4 5 
Empirical formula  C44H60CoKN2O2P2  C77H92.5Co2KN4O1.25P4  
Formula weight  808.91  1374.88  
Temperature [K]  123(1)  123(1)  
Crystal system  orthorhombic  triclinic  
Space group  Pbca  P-1  
a [Å]  18.1469(3)  11.6695(7)  
b [Å]  20.2274(3)  13.5686(8)  
c [Å] 24.0439(4)  14.0237(7)  
α [°]  90  67.523(5)  
β [°]  90  69.663(5)  
γ [°]  90  83.206(5)  
Volume [Å3] 8825.6(2)  1923.6(2)  
Z  8  1  
ρcalc [g/cm3] 1.218  1.187  
µ [mm−1] 4.850  4.979  
F(000)  3440.0  726.0  
Crystal size [mm3] 0.198 × 0.149 × 0.056  0.200 × 0.097 × 0.078  
Radiation  CuKα (λ = 1.54184)  CuKα (λ = 1.54184)  
2Θ range for data collection [°] 7.51 to 133.52  8.04 to 147.06  
Index ranges  −19 ≤ h ≤ 21, −23 ≤ k ≤ 24,  
−21 ≤ l ≤ 28  
−14 ≤ h ≤ 11, −16 ≤ k ≤ 16,  
−17 ≤ l ≤ 17  
Reflections collected  36375  12427  
Independent reflections  7766 [Rint = 0.0460, Rsigma = 0.0342]  7369 [Rint = 0.0360, Rsigma = 0.0560] 
Data / restraints / parameters  7766 / 54 / 511  7369/160/448  
Goodness-of-fit on F2  1.025  1.136  
Final R indexes [I>=2σ (I)]  R1 = 0.0491, wR2 = 0.1182  R1 = 0.1340, wR2 = 0.3342  
Final R indexes [all data]  R1 = 0.0625, wR2 = 0.1261  R1 = 0.1410, wR2 = 0.3375  
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8.6 UV-Vis Spectrum of 1 and Vis-NIR Spectra of 1−4 
 
 
Figure S7. UV-Vis spectrum of 1 in diethyl ether (black) and THF (red). 
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Figure S8. Vis/NIR spectra of 1 (top) and 2 (bottom) in THF. 
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8.7 Cyclic Voltammetry 
Cyclic voltammetry experiments were performed in a single-compartment cell inside a nitrogen-
filled glovebox using a CH Instruments CHI600E potentiostat. The cell was equipped with a 
platinum disc working electrode (1 mm diameter) polished with 0.05 µm alumina paste, a 
platinum wire counter electrode and a silver wire pseudoreference electrode. The supporting 
electrolyte, tetra-n-butylammonium hexafluorophosphate, was dried in vacuo at 110 °C 
overnight. All redox potentials are reported versus the ferrocenium/ferrocene (Fc+/Fc) couple. 
The scan rate is v = 100 mV s-1 unless stated otherwise. 
 
Figure S10.  Cyclic voltammogram of 1 in THF at v = 100 mV s-1 (black), 20 mV s-1 (red) and 100 mV s-1 with 
limited scan range (blue). 
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Figure S11. Cyclic voltammogram of 2 in acetonitrile. 
 
Figure S12. Cyclic voltammogram of 3 in THF (black); CV of 3 with limited scan range (red). 
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Chapter 1. The Chemistry of Mononuclear Phosphane and N-Heterocyclic Carbene Nickel(I) 
Complexes: Synthesis, Structural Motifs, and Reactivity 
 
The introductory chapter reviews the chemistry of the dynamically emerging field of mononuclear 
NHC nickel(I) complexes and related phosphane compounds. The aim of this chapter is to 
highlight the analogies and differences between and within the two classes. Besides the synthesis 
and structural motifs of the monomers, this chapter covers the reactivity of the nickel(I) species. 
After a brief introduction about synthetic access strategies, this work is subdivided in phosphane 
nickel(I) halides and related cationic nickel(I) complexes with weakly coordinating 
counteranions, followed by phosphane complexes with ancillary N-donors, pincer complexes, 
phosphane complexes with additional S-donors, and a brief section on piano-stool hydrocarbyl 
complexes. Finally the chemistry of NHC nickel(I) complexes will be described. 
 
Chapter 2.  Selective P4 Activation by an Organometallic Nickel(I) Radical: Formation of a 
Dinuclear Nickel(II) Tetraphosphide  and Related Di- and Trichalcogenides[1] 
 
The main goal of this thesis was to synthesize and characterize new monomeric cyclopentadienyl 
(Cp) nickel(I) complexes supported by NHCs and explore their reactivity. The results are 
summarized in Schemes 1−5. 
Complexes 1−3 were synthesized according to Scheme 1 by reacting nickel(II) chlorides of type 
[(η5-C5R5)Ni(NHC)] with potassium graphite in THF. Compounds 1−3 exhibit typical 
metalloradical character as indicated by EPR spectroscopy and cyclic voltammetry. Interestingly, 
these d9 species show broad but characteristic 1H NMR signals. Furthermore, the X-ray diffraction 
analysis revealed a bent structure in the solid-state as indicated by the Ccarbene–Ni–(C5H5)centroid 
angle, which is probably caused by the asymmetric spin density distribution at the nickel center. 
 
 
Scheme 1. Synthesis of new nickel(I) metalloradicals 1−3. 
 
In an initial study, we investigated the reactivity of the new nickel(I) radical 1 toward small 
molecules and typical radical traps (Scheme 2). The reaction of 1 with the mild oxidizing agent 
ferrocenium hexafluorophosphat gave the nickel(II) cation 4 with a two-legged piano stool 
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coordination environment for nickel. Upon converting 1 with the persistent radical TEMPO the 
square-planar nickel(II) complex 5 was formed in a very selective fashion.  
 
 
Scheme 2. Radical reactivity of complex 1. 
 
It is well known that radicals can be trapped by element-element bonds. Therefore, we tested the 
reactivity of 1 toward elemental chalcogenides sulfur, grey selenium, and grey tellurium, as well 
as white phosphorus (P4). While the reactions with sulfur and selenium resulted in mixtures of di- 
and trichalcogenide-bridged complexes 6-E and 7-E, the only product observed was 6-Te in case 
of tellurium. Remarkably, the reaction of 1 with P4 resulted in the high-yield synthesis of new 
complex [{(C5H5)Ni(IDipp)}2(µ-η1:η1P4)] (8) with a bridging “butterfly” P42− ligand, which 
represents the first example of a nickel complex bearing such ligand. All complexes were 
thoroughly characterized by X-ray crystallography, multinuclear NMR and UV-Vis spectroscopy. 
 
Chapter 3.   Half-Sandwich Nickel(I) Complexes of Ring-Expanded N-Heterocyclic Carbenes: 
A Structural and Quantum Chemical Study[2] 
 
In a follow-up study, we were interested in designing new nickel(I) radicals by utilizing ring-
expanded N-heterocyclic carbenes (RE-NHCs) and compare the influence of these 
unconventional carbenes on the structural and electronic properties of [CpNi(NHC)] complexes, 
as well as their reactivity toward P4. 
The three novel complexes 9−11 were prepared by reducing the nickel(II) bromides 9Br−11Br 
with KC8 in a similar manner as described for compounds 1−3 (Scheme 3). The nickel(II) 
precursors were obtained in the reaction of [CpNiBr(PPh3)] with the respective RE-NHC.  
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Scheme 3. Synthesis of cyclopentadienyl nickel(I) complexes with ring-expanded carbenes. 
 
The X-ray diffraction analysis revealed that complexes 9−11 possess similar, though less bent 
structures as 1−3 (increased Ccarbene−Ni−Cpcentroid angles) in comparison with 1 and 2 and 
decreased Ccarbene−Ni−Cpcentroid angle as compared with 3. According to DFT calculations 
complexes 9−11 also showed comparable electronic structures as 1−3. Nevertheless, 
diamidocarbene complex 11 (Scheme 3) exhibits a distinct UV-Vis and 1H NMR spectrum as 
compared with 1−3, 9, and 10. Compound 9 and 10 readily react with white phosphorus at room 
temperature. The reaction of 9 affords tetraphosphide 12. A mixture of the analogous complex 13 
and unidentified products was obtained using 10 according to 31P{1H} NMR spectroscopy. In 
marked contrast, compound 11 did not react with P4, further demonstrating its distinct electronic 
properties. 
 
Scheme 3. Reactivity of complexes 9−11 toward white phosphorus. 
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Chapter 4.    Formation of Heteronickelacycles through the Reductive Coupling of Phenyl 
Iso(thio)cyanate[3] 
 
In extension to our reactivity studies toward element−element bonds in chapters 2 and 3, the 
reactivity of complex 1 toward heteroallenes was investigated. 
The reaction of 1 with one equivalent phenyl isothiocyanate afforded compound 14, which 
features the new {SC(NPh)N(Ph)CS}2− dianion as a result of the dimerization of the substrate in 
the coordination sphere of the metal atom (Scheme 4). The nickel(II) complex 
[(η5-Cp)(η1-Cp)Ni(IDipp)] (15) is a stoichiometric by-product in this reaction. We presume that 
the reaction pathway probably involves the transfer of a Cp radical to a second equivalent of 
complex 1, which then leads to a reactive intermediate that essentially acts as nickel(0) surrogate. 
In fact, complex 14 was cleanly produced in the reaction of the nickel(0) compound 
[(IDipp)Ni(styrene)2] (A) with two equivalents PhNCS. Interestingly, the reaction of A with 
phenyl isocyanate yields the new γ-lactam-nickellacycle [(IDipp)Ni{N(Ph)C(O)CH2CHPh}] 
(rac-16) as a result of the reductive coupling of PhNCO and a styrene ligand. The solid-state 
molecular structure of the unsaturated complex rac-16 displays a rare T-shaped structure for 
nickel. In contrast, the reaction of PhNCO with the nickel(I) complex [(η5-Cp)Ni(IDipp)] gave an 
inseparable mixture of diamagnetic products, showing that this complex has a distinct reactivity 
in this case with PhNCO and PhNCS. 
  
Scheme 4. Comparison of the reactivity of 1 and A toward heteroallenes. 
 
Chapter 5. Insertion of Phenyl Isothiocyanate into a P−P Bond of a Nickel-substituted 
Bicyclo[1.1.0]tetraphosphabutane[4] 
 
Encouraged by the good accessibility of phosphide complex 8, we were interested in 
functionalizing the P4 moiety in this complex. Therefore, we investigated the reactivity of 8 and 
derivative 17, bearing the slightly less bulky IMes carbene instead of IDipp, toward phenyl 
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isothiocyanate. Complex 17 was obtained in an analogous fashion as described for 8 (chapter 2) 
and features a similar molecular structure and spectroscopic properties (Scheme 5). 
 
Scheme 5. Functionalization of the P4 fragment in 17. 
 
Reactions of 8 and 17 with CS2 gave products which feature ADMX spin systems in the 31P{1H} 
NMR spectra, but these products could not be isolated. Interestingly, the reaction of 17 with an 
excess of PhNCS yielded a mixture of two main products (ADMX spin systems) and one minor 
species (A2MX spin system). Both main products, 18a and 18b, were obtained as pure compounds 
and fully characterized by X-ray diffraction as well as UV-Vis and multinuclear NMR 
spectroscopy. In addition, DFT calculations were performed in order to get further insight into 
the reaction mechanism. The novel complexes 18a and 18b feature unprecedented 
bicyclo[3.1.0]heterohexane fragments. Moreover, this reaction represent the first example of an 
insertion of a heteroallene into a bicyclo[1.1.0]tetraphosphabutane ligand.  
The investigations of chapter 2-5 demonstrate that the presented NHC nickel(I) complexes exhibit 
typical metalloradical properties. Their high reactivity and radical nature enables mild reaction 
procedures for element-element bond activations, in particular P−P bonds of P4. Moreover, the 
use of NHCs and cyclopentadienyl ligands enables the modification of the electronic and steric 
properties of these compounds. In case of complexes 9−11 our initial investigations indicate the 
presence of a distinct electronic structure of compound 11 in comparison with 1−3, 9, and 10. 
Further investigations by EPR and ENDOR spectroscopy are ongoing to confirm this presumption 
and get deeper insight into the electronic structure. 
In future work, it will also be of interest to investigate whether reactions of metal-substituted 
cyclopolyphosphanes with polar multiple bonds offer a general route toward “functionalized” 
polyphosphanes as exemplified by the reaction of complex 17 with PhNCS.  
 
Chapter 6.  Synthesis and Structural Characterization of Iron(II), Cobalt(II), and Nickel(II) 
Complexes of a Cyclic (Alkyl)(amino)carbene[5] 
 
In the context of utilizing unconventional carbenes in 3d metal chemistry, we report on new cyclic 
(alkyl)(amino)carbene (CAAC) complexes of iron(II), cobalt(II) and nickel(II), which are 
potentially useful starting materials for further applications in catalysis and small molecule 
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activation. Complexes [FeCl(µ-Cl)(CAAC1)]2 (19), [CoBr(µ-Br)(CAAC1)]2 (20), and [NiBr(µ-
Br)(CAAC1)]2 (21) were synthesized by reacting Bertrand’s CAAC1 with divalent iron, cobalt 
and nickel halides (Scheme 6). They represent the first CAAC complexes with these metals and 
are paramagnetic and highly air-sensitive, but appear to be thermally stable under an inert 
atmosphere. X-ray diffraction analyses revealed dimeric halide-bridged structures with distorted 
tetrahedral metal environments.  
 
 
Scheme 6. Synthesis of CAAC complexes 19−21. 
 
Chapter 7.  Preparation of a Trigonal Planar Manganese(II) Amido Complex Supported by an 
N-Heterocyclic Carbene[6] 
 
In chapter 7 we describe a convenient synthesis of the NHC-stabilized manganese(II) chloride 22 
from commercially available starting materials and investigated its ability as precursor for low-
coordinate manganese(II) NHC complexes.  
The X-ray diffraction analysis of 1-THF indicate the dissociation of the dimer 22 in 
tetrahydrofuran solutions (Scheme 7).  
 
Scheme 7. Synthesis of the dimeric manganese(II) chloride 22 and reactivity toward MeMgI and LiN(SiMe3)2. 
 
Furthermore, the lability of the manganese(II)-carbon bond in 22 was demonstrated in the reaction 
of 22 with four equivalents of MeMgI, which yielded the dinuclear compound [(IDipp)MgMeCl]2 
(23). As shown by single-crystal X-ray analysis of 23, the IDipp and the chloride ligands were 
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transferred from manganese in 22 to the magnesium atom. The reaction of 22 with four 
equivalents lithium hexamethyldisilazide gave the monomeric amide 24 (Scheme 7), 
which features a trigonal planar coordination environment. Compound 24 represents a rare 
example of a three-coordinate NHC-stabilized manganese(II) complex. Solution magnetic 
moments showed the presence of d5 high spin manganese(II) centers in 22 and 24. 
This initial study paves the way for further investigations regarding the use of complex 22 as 
precursor for further coordinatively and electronically unsaturated complexes. Future work 
should also focus on the exploration of the reactivity of 24 toward nucleophilic reagents. 
 
 Chapter 8.  Synthesis and Reactivity Studies of a Heteroleptic α-Diimine Cobalt Anion[7] 
 
Another aim of this thesis was to synthesize and characterize novel highly reduced cobalt 
complexes with redox-active α-diimine ligands, and investigate their reactivity toward small 
molecules. 
The novel BIAN (BIAN = bis(2,6-diisopropylphenylimino)acenaphthene) cobalt complex 25 
was synthesized from [Co(cod)2]− via straightforward substitution of one cod ligand (Scheme 8). 
 
Scheme 8. Preparation of the heteroleptic BIAN complex 25 and its reactivity toward small molecules. 
 
The reaction of 25 with carbon disulfide yielded the dinuclear complex 26 with a bridging 
ethylene tetrathiolate by the reductive dimerization of the substrate. Furthermore, complex 27 
was obtained by converting 25 with two equivalents of tert-butylphosphaalkyne, containing 
an η4-1,3-disphosphacyclobutadiene ligand. The dianionic complex 28, which features an 
unusual rectangular P44- framework, was formed by the selective activation of P4. Its oxidation 
afforded monoanion 29 with a rare rhombic cyclo-P44− ligand. Our investigations revealed that 
the use of the redox-active BIAN ligand appears crucial for achieving a high degree of P4 
reduction.  
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Phosphide anions 28 and 29 are potentially useful starting complexes for the functionalization of 
the P4 moiety in the coordination sphere of the cobalt centers with electrophilic inorganic and 
organic molecules. In addition, the synthesis of complexes related to 25 with modified electronic 
and steric properties is promising in order to tune the highly reduced cobalt complexes for further 
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